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EXECUTIVE SUMMARY

Thestorageof pressurizecdhaturalgasin large steel-linedcavernsexcavatedin crystallinerock has
beenunderdevelopmenin Swederfor morethan10years.Unlike thecurrentstoraggechnology
which relieson the existenceof saltdomes(or thick saltlayers),aquiferformationsanddepleted
oil fields, the lined rock cavern (LRC) conceptprovidesthe option of greaterflexibility in the
managementf local andregionalgassupplies.With the prospecbf thistechnologybeingusedin
thecommerciaktorageof naturalgasin the United Statesthe U.S. Departmenbdf Enegy, through
the National Enegy TechnologyLaboratoryin Morgantovn, WestVirginia, initiated a technical
review of thefeasibility of the LRC storageconceptandits currentdesignmethodology

The principalideabehindthe LRC gas-storageoncepts to rely on arock mass(primarily, crys-
talline rock) to sene asa pressuresesselin containingstorednaturalgasat maximumpressures
from aboutl5 MPato 25 MPa. The conceptinvolvesthe excavation of relatvely large, vertically
cylindrical caverns20 m to 50 m in diametey 50 m to 115m tall, with domedroofsandrounded
invertsto maximizeexcavation stability and optimize deformationof component®f cavernwall
(i.e.,concreteandsteelliner) duringthe operation.The cavernsarelocatedat depthsfrom 100m
to 200 m below the groundsurface,andthey arelined with approximatelyl-m thick reinforced
concreteandthin (12-mmto 15-mm)carbonsteelliners. The purposeof thesteelliner, whichis the
innermostiner, is strictly to actasanimpermeabléarrierto the naturalgas. The purposeof the
concretds to provide a uniform transferof the gaspressurdo the rock massandto distribute ary
local strainin therock masg(e.g.,from the openingof naturalrock fractures)at the concrete/rock
interfacemoreevenly acrosghe concreteo the steelliner/concretanterface. To furtherminimize
local circumferentiaktrainsin thesteelliner, aviscoudayer(~ 5 mmthick) madeof abituminous
materialis placedbetweerthe steelandthe concretdiners.

The LRC developmenthasincludeda scaled(approximatelyl:9 scale)experimentof the concept
conductedat the Grangesbey Test Plantin Sweden,with reportedpositive results(Stille et al.
1994).A full-scaleLRC demonstratiomacility is currentlybeingconstructect Skallen,asitenear
the coastakity of Halmstadn southwesSweden.

TheLRC development$ave beenreflectedn a currentdesignmethodology This methodologyis
a probabilistic,multi-stageapproach Evaluationsof the potentialfor arock massto hostanLRC
facility aremadeatdifferentstageswith anincreasinglemandor geoplysicalinformationateach
stage.Theresultis anincreasinglyefineddesignin termsof probabldoadsandmaterialresponse.
The methodologyis embeddedn two models: FLRC1 (Feasibility for Lined Rock Cavernsl),
which is aninitial procedurefor LRC evaluationsat an early stage;and FLRC2 (Feasibility for
LinedRockCaverns2), amoredetailedorocedurdor LRC evaluationsanddesignin laterstage of
thedevelopmentwhenmoresite-specifiggeoplysicalinformationbecomeswvailable. The FLRC1
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andFLRC2modelsrely onrockindex propertiesandempiricalrelationsto estimateaherock-mass
mechanicaparameter§.e., stiffnessandstrength)jimit-equilibrium, finite-elementindanalytical
(homogeneouandisotropic)modelsareusedto estimatecavernlocation(i.e., depth),maximum
gaspressurecavern deformationsand steel-linerstrain. The methodologyemphasizeswo key
LRC designcriteriaassociateavith (a) safetyagainstgrounduplift, and(b) amaximumoperating
(cyclic) strainrangein the steelliner.

The first phasereview (Brandshauget al. 2001) of the lined rock-cavern storageconceptand
designmethodologyfocusedon the feasibility of this technologyandthe robustnesof its design
methodologyprimarily in the context of the mechanicatesponsef therock massduring cavern
operation(i.e., for a pressurizeaavern). The review discussedn this reportis concernednostly
with the secondkey aspecf the LRC concept:the structuralintegrity andconstructibilityof the
steelliner. Particularattentionwaspaidto theproductionpipe(nozzle)andtheconnectiorbetween
the productionpipeandthe cavern.

Deformationandstresses the cavernliner for the mostcritical loadingconditionswereanalyzed
numericallyasthe partof thisreview. Theanalysisvasdonefor differentassumptionsoncerning
themechanicabehaior of therock mass:(a) continuouglinearly elasticandelasto-plastic)and
(b) discontinuougfew discontinuitiedforming a singlewedgeor a large numberof discontinuities
— joints). Thediscretenessf therock masshasimportanteffect on thedeformationof the cavern
liner and,consequentlyon the strainrangesn thethe steelliner. Therefore carefulconsideration
of discontinuitiesn therock massshouldbe takenduringthe designprocess An approactbased
onsmearingheeffectof discontinuitiesn therockmassmayleadto non-conserative design.The
predictednaximumstrainsandthestrainrange(particularlywhendiscontinuitiesarepresentn the
rock mass)arealsovery sensitve to the shearesistancef the bituminouslayerbetweerthe steel
andtheconcretdiner. Theanalysisy the LRC teamof thecavernliner andthe productionpipein
supportof designfor Skallenplantis basedon non-conserative assumptionshat: (a) thefriction
anglein thebituminouslayerbetweerthe steelline andthe concretds zero,and(b) therock mass
behaesaslinearly elastic,continuousmedium.

The analysesof the fractureandfatigueof the steelliner performedby the LRC teamappearto
bewell substantiatedndsufiiciently conserative. However, somedetails(e.qg.,fillet-weldedpipe
foot) with large stressconcentratiorfactorswerenot addresseth the review documentsandthe
maigin of safetyof the steelliner to fractureis probablymuchlessthanit appeardasedon the
analysisof the LRC team.

The technicaldocumentatiorfor the Skallenplant containsa comprehense setof performance
requirement$or theoveralldesignof thesteelliner, requireddocumentatiomrmaterialrequirements
for the steelplate andfiller material,erection,welding and inspection. However, the technical
documentatiomeeddo berewritten to referenceappropriatd).S. codesandto avoid duplication.

The LRC conceptseemdeasiblefrom the standpointof the structuralintegrity of the steelliner.
However, we recommendhatanalysisbe conductedgayingmoreattentionto details,particularly
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the effects of discontinuitiesin the rock massand the shearresistanceof the bituminouslayer
betweerthe steelliner andthe concrete.
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1.0 INTRODUCTION

The U.S. Departmentof Enegy (DOE), throughthe National Enegy TechnologyLaboratory
(NETL) in Morgantavn, WestVirginia, is participatingn theintroductionof new technologyo the

commerciahatural-gs-storagenarket in the United States.For morethan10 years,Swederhas
beendevelopinga technologyfor storingpressurizedhaturalgasin excavatedsteel-linedcaverns
in crystallinerock (Larssonet al. 1989; Tengbog 1989). Although existing undegroundspace
(e.g.,largesaltcaverns,aquiferformations depletedil fields)is currentlybeingusedfor thesame
purposen theUnitedStatesandabroadtheflexibility of thelinedrockcavern(LRC) conceptould

contribute to moreefficient managementf the local andregional suppliesof naturalgas. This is

particularlytrue for the NortheastandNorthwestregionsof the United Stateswheresaltcaverns
anddepletedoil fields do not exist. The developersof the technologyexpectthat50-mto 115-m
tall cylindrical caverns,20 m to 50 m in diametercanbe constructedn crystallinerock at depths
of 100m to 200 m. The caverns,which arefitted with animpermeablesteelliner, are expected
to provide continuousstorageof naturalgasfor maximumgaspressuresangingfrom 15 MPato

25MPa.

A scaledapproximatelyl:9) experimentof theconcephasbeenconductedttheGrangesbeyTest
Plantin Swedenwith reportedoositive results(Stille etal. 1994).A full-scaleLRC demonstration
facility currentlyis beingconstructe@tSkallen asitenearthecoastatity of Halmstadn southwest
Sweden.

With the prospecof introducingthis nen gas-storagéechnologyto the United Statesit is timely
for DOE/NETL to assesghe merits of the LRC conceptand examinethe detailsof its design
methodologyto ensureit is bothtechnicallyfeasibleandsafe. Therock mechanicaspect®f the
LRC conceptanddesignmethodologywerethesubjectof aseparatéechnicalreview (Brandshaug
etal. 2001)availableat DOE’s NETL Web site www.netl.doe.ge. The following is a technical
review thatfocusegrimarily onthe steelliner/nozzlestructuralintegrity andconstructability

20 TECHNICAL REVIEW: OBJECTIVES, STANDARD AND SCOPE

An earlierDOE-sponsoredRC project(U.S. Departmenof Enegy 2000)addressethe current
state-of-the-arin the LRC conceptmarket datafor corventionalalternatve storagein the North-

easterrnited Statesjdentificationandselectionof two genericgeologicsites,conceptuatiesign
for theLRC, costestimategconomiccomparisorof LRC to alternatves,andervironmentaimpact
andpermittingissues.The currentlysponsoregbrojectcomplementshe previouswork by adding
anindependenteview of the LRC storageéechnology Thespecificobjectve of thecurrentreview

wasto evaluatesteelliner/nozzlestructuralintegrity andconstructability

An independentechnicakeview wasinitiatedwith ameetingoetweertheLRC developmengroup,
NETL anditascaConsultingGrouplnc. (thereview team)in Septembe?2000.At thattime,theLRC
groupconsisteaf Enegy EastEnterprisesinc. (USA), GasdeFrancdnternational S.A., Sydkraft
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AB (Sweden)andEnronNorth AmericaCorporation.At this meeting,seseral presentations/ere
madeby the LRC groupwith regardto the technicalaspectf thelined rock cavernconceptand
its designmethodology Key aspect®f theLRC designwereidentified(e.g.,safetyagainstground
uplift andmaximumsteel-linerstrainrange) andresultsrom apilot studyin Grangesbey, Sweden,
werepresented.

It wasclearthatin addressinghespecificreview objective,twoimportantcomponentsf mechanics
areinvolved:

1. Rock Mechanics(becausea stablerock massis imperatve to the succesf the concept
duringboththe cavern-excavationandstorage-operatioperiods);and

2. StructuraMechanicgbecausgéhestructuraintegrity of thesteel-linelandnozzle(production
pipe)assemblys crucialto the continuousserviceof theliner asanimpermeabldarrierto
the storednaturalgas).

Subsequento the Septembemeeting,the review teamreceved a numberof review documents
from the LRC group. Thesedocumentgsomeof which containconfidentialinformation)provide
in-depthtechnicaldetailsof the LRC conceptthe designmethodologyandtestresultsof the pilot
study Thefirst phaseof thetechnicalreview, which concernedock mechanicsssueswasbased
ontheinformationin thereview documentandon theinitial technicalpresentationsnadeby the
LRC groupat the Septembe000meeting.After completionof thefirst phaseof thereview, the
technicalreview teamproceededo evaluatethe secondkey issueregardingthe LRC concept.The
secondphaseof thereview is basedn reportsanddocumentatiomprovidedfor thefirst phaseand
additionaldocumentatiorprovided to the review teamby the LRC groupduring the secondpart
of 2001. The completelist of technicaldocumentatiorusedin thereview is givenin Section3.1.
Thereview discussedn this reportis concernedvith the structuralmechanicsaspecof the LRC
conceptonly — specifically issueselatedto the steelliner (e.g.,evaluationof liner fatigue).

While anindependentompletd.RC designanalysisvasnotperformedaspartof thisreview, some
analysesvereconductedhat evaluatedkey designcriteriaassociatedvith the rock massandthe
steel-lineresponséor LRC conditions.Theresultsof theseanalysegenerallyagreedvith results
expressedn thereview documentsTheresultsshav importanteffectsfrom thepresencef natural
rock fractureson local strainsin the steelliner during cavern pressurization Sucheffectsarenot
accountedor in the currentLRC designmethodologybecausét regardstherock massonly asa
continuum.Whenarock masss representedsa continuum the deformationakffectsof natural
rock fracturesare smearedAzeragedhroughoutthe rock mass. Although this is frequentlydone
in rock engineeringthe importanceof the steel-linerstrainin the contet of the LRC designalso
warrantsevaluationusing methodsthat accountfor local effectsassociatedavith the presenceof

explicit rock fractures.
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3.0 SUMMARY OF LRC CONCEPT AND DESIGN METHODOLOGY

For completenessef documentationthe LRC conceptanddesignmethodologiesrebriefly sum-
marized.This summaryis constructedrom thereview documentsuppliedby the LRC group. A
title list identifying thesedocumentss provided below.

3.1 TitleList of Review Documents

Thefollowing is alist of the review documentsprovided to the review teamby the LRC group,
which areusedasa basisfor review of the structuralmechanicaspectof the LRC concept.

1.
2.

© © N O

Report(confidential)‘CavernWall - DemoPlantDesign”,June2000;

Etuded’integrite d’'un defaut dansun revetement(or, in English, Study of the Effect of a
DefectontheIntegrity of aLiner), FramatomeMay 2000;

. DefectAssessmentdftheLRC DemoPlantLining, DetNorskeVeritas ReportNo.10172300-

1, Revision No. 1 May 2000;

. DefectAssessmenidftheLRC DemoPlantLining, DetNorskeVeritas ReportNo.10460200-

1, Revision No. 2, April 2001,

Report(confidentialf*UndergroundGasStorage— StaticAnalysisfor theLiner, Connection
PlateandProductionPipe”, Ref.: K98.1101,Gazde France November2001;

LRC NaturalGasStorageProject— Lining Works, STEELLINING, Documentl1.2;
Report(confidential);'LRC DemoPlant,GlobalRockMassParameteror theSkallenSite™;
Report(confidential),'Rock Mechanic<Criteriafor Locationof a LRC Storage”.
Designdrawingsfor theSkallenplantby Skandinaisk Industriservicé\/S, providedto Itasca
ConsultingGroupby Ola Hall of SyconEnegikonsult;

(a) PipeFoot, Drawing No. 669-021Rev. C

(b) Culvert— GeneralArrangementDPrawing No. 669-023Rev. A

(c) ShaftPipingat CavernTop— GeneralArrangementPrawing No. 669-024Rev. C

(d) InstrumentationnsideCavern— GeneralArrangementPrawing No. 660-025Rev. B

(e) ShaftTunnel- GeneraArrangementPrawing No. 669-026Rev. A
() ConnectiorPlate,Drawing No. 669-033Rev. A
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3.2 Summary of LRC Concept

TheprincipalideabehindtheLRC gas-storageonceptstorelyonarockmasgqprimarily crystalline
rock)to seneasapressur@esseln containingstorednaturalgasatmaximumpressurefrom about
15 MPato 25 MPa. The concepiinvolvesthe useof relatively large, vertically cylindrical caverns
20mto 50 m in diameter50 m to 115m tall, with domedroofsandroundednvertsto maximize
excavation stability. The cavernsarelocatedat depthsfrom 100 m to 200 m belowv the ground
surface,andthey arelined with approximatelyl-m thick reinforcedconcreteandthin (12-mmto
15-mm)carbonsteelliners. The purposeof the steelliner, whichis theinnermostiner, is strictly
to actasanimpermeabléarrierto the naturalgas. The purposeof the concreteis to provide a
uniform transferof the gaspressureo the rock massandto distribute any local strainin the rock
mass(e.g.,from the openingof naturalrock fractures)at the concrete/rocknterfacemoreevenly
acrosshe concreteto the steelliner/concretanterface. To furtherminimizelocal circumferential
strainsin the steelliner, a viscouslayer (~ 5 mm thick) madeof a bituminousmaterialis placed
betweerthe steelandthe concretdiners.

Pressurizationf thegasincreaseshegasdensity(i.e.,massperunit volume)andis key to making
the storageconcepteconomicallyviable. An operatingcavernis expectedto go throughpressure
cyclesfrom approximately3 MPa to 25 MPa during periodsof gas depletionand rechage, as
demanddictates,andmay have a nominaldesignlife of 500 cycles. For circumstances which
groundvateris presentthe gaspressuralsoprovidesstructuralsupportto therelatively thin steel
liner, whichis not designedo withstandexternalwaterpressure.

It is expectedthatthe LRC conceptcanbeappliedto a variety of differentrock typesandto rocks
of varyingstrengthsaanddeformabilities.

3.3 Summary of LRC Design Methodology

Thereview documentgpresenthe LRC designmethodologyasa stochasticmulti-stagedevelop-
mentapproach.Evaluationsof the potentialfor a rock massto hostan LRC facility aremadeat
differentstageswith anincreasingdlemandor geoplysicalinformationin eachstage.Theresultis
anincreasinglyrefineddesignin termsof probabldoadsandmaterialresponseThemethodology
is embeddedn two models: FLRCL1 (Feasibilityfor Lined Rock Caverns1), which is aninitial
procedurdor LRC evaluationsat anearly stage;andFLRC2 (Feasibilityfor Lined Rock Caverns
2), amoredetailedprocedurdor LRC evaluationsanddesignin later stagef the development,
whenmoresite-specifiggeoplysicalinformationis available.

Developmenincludesthefollowing stages.

1. Initial explorationusedimited, generallyavailablegeologicainformation(e.g.,from surface
obsenationsandary previousundegroundwork in thearea)asthebasisfor estimatingock
massquality, which, in turn, is usedin theinitial model(FLRC1)to assesshe potentialfor
therock massto hostanLRC facility.
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2. Increasinglydetailedsite characterizatioms aimedspecificallyat determiningthe bestun-
demgroundlocationfor the LRC. Detailsof the rock massare obtainedfrom corelogs and
other geoplysical investigations. Rock index propertiesare determinedirom rock cores,
anda “better” estimate(in termsof confidencepf rock massquality is made. Estimatef
maximumgaspressureandliner strainsare madestochasticallyusingthe proceduren the
FLRC2model. Theseestimatesareusedasthe basisfor theinitial LRC design.

3. During the constructionstage additionalsite characterizatioms conductedandthe Obser
vationalApproachis usedto provide the“best” estimate®f likely cavernresponseThenew
estimatesn this phasemayaffectthefinal LRC design.

TheFLRClandFLRC2modelsely onrockindex propertieandempiricalrelationsto estimatehe
rockmasanechanicaparameter§.e., stiffnessandstrength)jimit-equilibrium, finite-elementind
analytical(homogeneouandisotropic) modelsare usedto estimatecavernlocation(i.e., depth),
maximumgaspressurecaverndeformationsandsteelliner strain. The methodologyemphasizes
two key LRC designcriteriaassociatedvith (1) safetyagainstgrounduplift, and(2) a maximum
operating(cyclic) strainrangein thesteelliner.

4.0 REVIEW OF KEY LRC DESIGN ASPECTS

Accordingto the review documents|.RCs are expectedto operateat maximumgas pressuresf
15 MPato 25 MPa. With the cavernslocatedat a relative shallov depthof 100 m to 200 m, this
generallymeangherock masscouldbe subjectedo pressured to 8 timeshigherthanthein-situ
rock-massstressesBecausdhe LRC conceptrelieson therock (not the steelor concretdiners)
to sene asthe pressurevessel,an adequateavern depth(or rock overburden)is important. The
overkburdenrockmassmustresistthemaximumcavernpressuren astablemanner Thiskey aspect
of the LRC designwasevaluatedn thefirst phaseof thereview (Brandshaugtal. 2001).

For a given cavern geometry the mechanicaresponseof the cavern wall to the LRC pressure
depend®nthesite-specificharacteof therockmassandonthestructurainteractionbetweerthe
rockmassconcretdiner, viscousbituminouslayer, andthesteelliner. In generalthegaspressure
will displacethe cavern wall radially outward, resultingin extensionalstrainsin the tangential
horizontalandverticaldirectionsin thesteelliner, concretdiner, andin therock atthecavernwall.
For a given pressurethe amountof extensionalstraindependsmostly on the rock massstrength
anddeformability whichbecomemportantattributesof theLRC design.Thecavernwall response
andits affectonthe steelliner strainareevaluatedn this section.

Note that the partsof this review requiring evaluationusing numericalmodelshave considered
conditionsatthe Skallendemonstratiomplant,whichis currentlybeingconstructechearthe coastal
city of Halmstadn southwesSweden.
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5.0 MODEL OF CAVERN AND PRODUCTION PIPE

Thecavernwall andthe steelliner weresubjectsf thefirst phaseof thereview (Brandshaugtal.
2001). However, the conductechnalyse®f stressesnddeformation(strain)in the differentcom-
ponentof thecavernwall weresimplified,assumingeitherplanestrainor axisymmetricconditions
of deformation.A three-dimensionaknalysisof the cavernandsurroundingrock masshasbeen
conductedas a part of the review discussedn this report. The objectve wasto investicate the
effectof anisotroly andlocalizeddeformationf therock masson stresseanddeformationn the
concreteandsteelliners, particularlyin the productionpipe (nozzle)andthe connectiorplate.

5.1 Mode Description

Thethree-dimensionadeformationandstresses theliner of an LRC cavernandtheinteraction
betweerthe cavernandthe surroundingock massweresimulatedusingtwo codes:3DEC (Itasca
ConsultingGroup, Inc. 1998) and FLAC3D (ItascaConsultingGroup, Inc. 2002). 3DEC s a
codewell-suitedto analyzethe deformationof a discontinuousock mass. It representshe rock
massasanassemblyof polyhedraldeformableblocksin three-dimensionadpacehatcaninteract
mechanicallyalongthe contacts— discontinuitiesin the rock mass(i.e., joints). The interfaces
betweerblocksin 3DEC follow an elastic-plasticstress-displacemenglation. The conditionfor
arelative slip of blocksalonganinterfaceis governedby a Coulomblaw. If thetensilestrengthof
the contactwhichis usuallyzero,is overcomethe blocksseparatecreatinga gap betweerthem.
The contactsetweerblocksarecreatedandlost automaticallyasa resultof their displacements.
Unfortunately 3DEC doesnot have very robustlogic for representinghe mechanicabehaior of
thin structureghatbehae asshells(e.g.,steelliner). A moredetaileddescriptionof 3DEC andits
formulationcanbefoundin the 3ADEC Users Manual.

FLAC3D is athree-dimensionalumericalcodefor simulatingthe deformationof continuousme-
dia. A numberof constitutve modelsareavailableto representhe mechanicabehaior of solids.
FLAC3D alsohasabuilt-in logic for representationf differenttypesof structurakelementsinclud-
ing shell/linerstructuraklementsTheseelementsarewell-suitedfor representationf deformation
andstresses the steelliner. The shellstructuralelementssimilar to otherstructuralelementsn
FLAC3D, caninteractwith the surroundingmedium,which is representedby three-dimensional
solid elements.Theinteractionis simulatedby thelinearly elastic-plasticcontactwith a slip con-
dition expresseddy the Coulomblaw. If tensilestressacrossthe contactovercomeshe tensile
strengththeshell/linerdetache$rom the solid grid, andagapappearsFLAC3D canhandlesmall
numbersof discontinuitiean the solid model,but it is not well-suitedfor simulatingproblemsfor
whichit is essentiato includea large numberof discontinuities.

Consideringheadwantagesindlimitationsof 3DEC andFLAC3D, theanalysisvasconductedy

couplingmodels,with the 3BDEC modelprimarily beingresponsibldor predictingthe rock mass
responseandtheFLAC3D modelbeingresponsibldor predictingtheliner andthenozzleresponse.
Thecommonboundary(i.e., couplingboundarysharedy thetwo modelswasthe outsidesurface



Tedhnical Review of the LRC Conceptand DesignMethodol@y: SteelLiner Response 7

of the concreteliner. The couplingbetweentwo modelswasone-directional:the displacements
calculatedoy the BDEC modelweretransferrecasboundaryconditionsto the FLAC3D model;no
informationwastransferredoackfrom the FLAC3D modelto the 3SDEC model. The reasonfor
one-directionatouplingwasthe fact thatthe 3DEC modelincludedboth the rock massandthe
liner, while the FLAC3D modelincludedtheliner only. Thus,the analysiswasconductedn two
steps.

1. Detaileddeformatiorof therockmassvascalculatedisingthe3ADEC model,whichincluded
a concretdining in the cavernandin the productionpipe. The steelliner wasrepresented
in a simplified mannerinsidethe productionpipe only. The steelliner wasignoredinside
the cavernbecausét hasvery little effect on the deformationof the surroundingock mass.
The predicteddisplacementsf the outsidesurfaceof the concretdiner weretransferredas
boundaryconditionsto the FLAC3D model.

2. Detailedstresseanddeformatiorof thecavernsteelandconcretdinerswereanalyzedising
the FLAC3D model. This modelalsoincludedan effect of the bituminouslayer between
theseliners in the form of a sliding interface. The concreteliner was representedising
solid zones(5 zonesacrosghe liner thickness) while the steelliner wasrepresentedsing
the FLAC3D shell structuralelements. As a resultof the initial and boundaryconditions
(i.e.,insidecaverngaspressurandtheexternalconcretdiner displacementdom the3DEC
model),the FLAC3D modelcalculatedstresseanddisplacements the steelandconcrete
liners.

5.1.1 3DEC Model

Thegeometryofthe3DECmodelin horizontalandverticalcross-sectionsyith indicatednitial and
boundaryconditionsjs shaovnin Figurel. Thecavernis 53 m high, with a36-mdiameter Thetop
of thecavernis located107m below thegroundsurface. Themodelextendsonecavernsizebelow
andabove the cavernandtwo caverndiameterdaterally from the cavernwall. “Roller” boundary
conditionswereusedonthebottomandtheverticalmodelboundariesA stressoundarycondition
equalto the deadweightof the overburdenwasappliedto the top modelboundary Vertical stress
wasassumedo be gravitational. Onehorizontalprincipal stresss equalto the vertical stressthe
otheris twice the vertical stress.The geometryof the cavernin the 3DEC modelis shavn in two
isometricviews (sideandtop) in Figure2. Theconcretdiner is representeeaxplicitly in the3DEC
model. Thesteelliner insidethe cavernis neglected.Simplecalculationshavs thatstiffnessof the
15-mmthick steelliner insidethe cavernis negligible comparedo the stiffnessof the rock mass
andtheconcretdiner. However, thestiffnessof thesteelliner insidethe productionpipebecomes
significantpartof theoverallstiffnessandis takeninto account.Thesteellinerinsidetheproduction
pipewasnotrepresenteexplicitly in the3DEC model. Insteadthe gaspressurectinginsidethe
productionpipe was correctedbasedon the deformationof the pipe’s insidewall [An analytical
solution(Timoshenlk andGoodier1970)for apressurizedircularring wasused.],accountingor
theforcetakenby the steelliner. This approximationvasusedin the 3DEC modelin calculating
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Ground Surface
m
=

107 m

pghy

5%, 7%

a) vertical cross-section b) horizontal cross-section

Note: Lines appearing in the figure are construction lines used during creation of the model. They do not represent
discontinuities in the model, nor do they effect its response

Figure 1 Cross-Sectiondhrough the 3SDEC Model

the rock massdeformation. The FLAC3D model, which is usedto analyzethe deformationand
stressei the cavernwall (concreteandsteelliners),representshe steelliner explicitly .

The cavernundegoesdifferentloadingconditions(mainly dueto thefilling andemptyingof the
gasfrom the cavern) during its operation. For designpurposesthe differentloading conditions
needto be investigatedin orderto determinethosethat are critical with respectto stability and
operationof differentpartsof the structure.The analysispresentederewasdonefor oneloading
caseonly, thatwhich,amongthecasesleclaredas“required”in Review Documen®, resultsin the
maximumstressesn the steelliner. (Someof the casegleclaredas“extended”’casesn Review
Document5 resultin larger stressesn the steelliner than Case2 considerechere. However,
“extended”caseswere characterize@s “not necessarilyealistic” and, therefore not considered
in the analysispresentedn this report.) Loading Case2 from Review Document5 includesan
isotropicgaspressuref 23 MPainsidethe cavernandthe productionpipe,aconcretdéemperature
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a) View from the side b) View from the top

Figure 2 Viewsof the Cawernin the 3DEC Model

of 15° C, andasteeltemperaturef 30° C. Verticalpushof the gasatthewell headis neglectedin
this analysis.Evenvery small shearresistancéetweerthe steelliner andthe concretdiner will
transfertheresultingforce from the steelinto the concreteandtherock massover a 100-mlength
of the productionpipe. As aresultof this assumptionthe casedor assumeaeroshearesistance
betweerthe steelandthe concreteshav somecompressie verticalstresse theproductionpipe.
ThosestressearesmallandinconsequentialThereforetheassumptions valid andconserative.

The analysiswasdoneassuminglifferentmaterialbehaiors for the rock massandthe concrete.
Thelist of all casesconsidereds shavn in Table1l. The basecase(Casel) is for the condition
of linearly elasticbehaior for the rock massandthe concrete which areassumedo behae as
continua.Case2 assumeglastic-plasticonstitutve behaior for therock massandthe concrete,
alsoassumedb becontinuous.TheLRC teamanalyzedhecavernwall usingthesameassumptions
aboutrock massbehaior asthoseusedin Casesl and?2.

Oneobjectie of the analysegresentedn this reportwasto first establishagreemenof results
for Casesl and2 with correspondind.RC results. Subsequerdnalysisof the casesn whichthe
rock masswvasmodeledasadiscontinuumbehaior notinvestigatedby LRC team)wassupposed
to demonstratéhe significanceandthe consequencesf the continuumassumptionA numberof
differentconditionswere consideredn the discontinuumanalyses.The effect of a singlewedge
wasconsideredn Cases3 through10. Wedgesof differentsizesandlocationsaroundthe cavern
wereassume@ndanalyzed All wedgecasesrelistedin Tablel. Figure3 shavsthegeometryof
thecavernandtheconsideredvedgesof therock mass.Thefigurealsoshowvs thejoint (joints that
createthe wedges)raceson the concretewall. (Thetracesoutlinethedifferently coloredregions
ontheconcretesurfacein Figure3.)



Tedhnical Review of the LRC Conceptand DesignMethodol@y: SteelLiner Response

10

Tablel List of CasesAnalyzedwith 3DEC

| Case | Model Description

1

© 0O ~NO Ol WD

el
N P O

[EEY
w

continuous, elastic rock mass
continuous, elastic-plastic rock mass
discontinuous rock mass, wedge No. 1
discontinuous rock mass, wedge No. 2
discontinuous rock mass, wedge No. 3
discontinuous rock mass, wedge No. 4
discontinuous rock mass, wedge No. 5
discontinuous rock mass, wedge No. 6
discontinuous rock mass, wedge No. 7
discontinuous rock mass, wedge No. 8
discontinuous rock mass, joints No. 1
discontinuous rock mass, joints No. 2
discontinuous rock mass, joints No. 3

a) wedge No. 1

d) wedge No. 4

g) wedge No. 7

Figure 3 Cases3 Through 10: Viewsof the Cawern and ConsideredMedges

b) wedge No. 2 c) wedge No. 3

h) wedge No. 8

f) wedge No. 6
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A large numberof joints were representedxplicitly in Casesll through13 (Table1). Three
mutuallyorthogonajoint setswith joint spacingsf 5 m and8 mwereassumedh Casedl1andl3
respectrely. Fourjoint setsat 7-m spacingwereassumedn Casel2. Jointtracesonthe concrete
liner for 3 casesareshawvn in Figure4.

a) joints No. 1 b) joints No. 2 c) joints No. 3

Figure4 Casesl1 Through 13: Viewsof the Cawern with Joint Traces

All case®frockwedgesandjointing discussetherewereselectedrbitrarily. They donotrepresent
actualconditionsattheSkallenplantor atary otherpotentialLRC site. Theobjective of theanalysis
wasto demonstratéheeffectof discretenessf therock masson behaior of thecavernwall. Also,
the effectsof size,shapeandpositionof thewedgesareinvestigated.

Themechanicapropertieof therockmassandtheconcretaisedn theanalysisarelistedin Table2.
Propertiecorrespondo conditionsexisting at the Skalenplantaccordingto Review Documentl.
Themechanicajoint propertiesusedin theanalysisJistedin Table3, areselectedastypical joint
properties.They arenot basedn testingor measuremenist the Skallenplant.

Table2 Material PropertiesUsedin the 3DEC Model

| Parameter | Rock Mass | Concrete |
Bulk Modulus (GPa) 20 16.7
Shear Modulus (GPa) 15 12.5
Friction Angle (°) 34 45
Dilation Angle (°) 0 0
Cohesion (MPa) 13.4 9.6
Tensile Strength (MPa) 0 2.7
Density (kg/m?) 2400 2400
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Table3 Joint PropertiesUsedin 3DEC Model

| Parameter | Value |
Normal Stiffness (GPa) 10
Shear Stiffness (GPa) 10
Friction Angle (°) 30

Dilation Angle (°)
Cohesion (MPa)
Tensile Strength (MPa)

o O O

Displacement# cross-sectionsalculatedn the SDEC modelareshavn for Casesdl (continuous,
elasticrock mass) 2 (continuouselastic-plasticock mass) 4 (wedgeNo. 2) and13 (joints No. 3)
in Figures5 through8. Thesecasesareselectedor presentationastheir resultswerethe most
typical. The maximumdisplacemenbf the cavern wall for Casesl and 2 (continuous,elastic
andelastic-plastidehaior of the rock mass)is in a goodagreementvith resultsobtainedusing
the planestrainandthe axisymmetricapproximatiorreportedin Review Documentl, aswell as
in Itascas reporton the first phasereview of the LRC concept(Brandshauget al. 2001). The
maximumradialdisplacemenin themiddle of thecavernis 0.0115m and0.013m for Casesdl and
2, respectrely (Figs.5 and6).

Color by Disp mag.
interval = 2.000E-03
min max
1.000E-02 1.200E-02
5.000E-03 1.000E-02

2.000E-03 4.000E-03
0.000E+00 2.000E-03

a) vertical section b) horizontal section

Figure5 Casel:Displacementgm)
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Color by Disp mag.
interval = 2.500E-03
min max
1.2580E-02 1.500E-02
1.000E-02 1.2580E-02

2.500E-03 5.000E-03
0.000E+00 2.500E-03

a) vertical section b) horizontal section
Figure 6 Case2: Displacementgm)

Figures7 and8 shaw displacementfor Casest and13, which assume discontinuousock mass.
The maximumdisplacementslo not occurnecessarilyn the middle of the cavern. Instead,the
location of the maximumdisplacements controlled by the locationswherethe discontinuities
intersecthe cavern. The maximumdisplacementaresignificantlylargerthanthosepredictedoy
thecontinuousnodelq(i.e.,0.024mfor Case4, and0.044m for Casel 3). However, largegradients
of displacementsesultingin strainconcentrationgvirtually a discontinuoudisplacementield,
comparedo thesmoothdisplacementield in the caseof assumeaontinuougock-massehaior)
appeato bethemostsignificanteffectsinfluencingperformancef thecavernwall and,particularly
thesteelliner. Discontinuitiesn thedisplacementield arequite obviousin Figures7 and8.

Calor by Disp mag.
interval = 5.000E-03
min M
2.500E-02 3.000E-02
2.000E-02 2.500E-02

0.000E+00 5.000E-03

Figure 7 Case4: Displacementgm)
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Color by Disp mag.

5 interval = 7.500E-03
= min max
37580E-02 4.800E-02
3.000E-02 3.750E-02
=

7.800E-03 1.500E-02

= w 0.000E+00 7.500E-03
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&3
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a) vertical section b) horizontal section

Figure 8 Casel3: Displacementgm)
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5.1.2 FLAC3D Model

Geometryof the FLAC3D modelis shavn in Figure9. Themodelincludesthe cavernwall (com-

posedof the concreteandthe steelliners) only. During the simulation,the outsidesurfaceof the
concretdiner is movedaccordingo displacementsalculatedn 3DEC for the consideredoading
caseandassumedbehaior of therock mass.Theconcretdiner is representedy five solid zones
(elements). The concretezonesbehae as an elastic-plastidMlohr-Coulombmaterial. The steel
liner wasrepresentedvith two-dimensionakhell-typestructuralelementswhich cancarry both
membranendbendingforces. The steelliner in the FLAC3D modelbehaesasalinearly elastic
material. The elasticconstant®f steelwereassumedo be: Youngs modulus,E = 210GPa; and
Poissorsratio,v = 0.3. An interfaceelemensimulateshebehaior of thelow-friction bituminous
layer betweerthe concreteandthe steelliner. Two conditionsof friction in the bituminouslayer
wereanalyzed:anupperboundcasewith afriction angleof 5°; andalower boundcasewith a 0°

friction angle.

E,
S
o
S
o
™

Figure9 Cawern Geometryand FLAC3D Grid

Predicteddisplacementafterapplicationof 23-MPa gaspressurensidethe cavernfor Casedl, 2,

4 and13areshawn in Figures10throughl3, respectrely. Thefiguresshown displacementectors
in theverticalcross-sectiomandcontoursof displacementagnitude®nthevisible cavernsurface
behindthecross-sectioplane.Two views of thecavernareshown in eachfigure: oneof theentire
cavern,with a partof the productionpipe; andthe otherof a detail of the connectiorbetweerthe
productionpipeandthecavern. Comparisorof FigureslOthroughl3with the3DECresultsshovn

in Figures5 through8 confirmsthat the displacementields weretransferredcorrectly from the

3DEC modelto the FLAC3D model.
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£.4544e-003 to £.7500e-003
£.7500e-003 to 7.0000e-003
7.0000¢-003to 7.2500¢-003
7.2500¢-003to 7.5000¢-003
7.5000e-003to 7.7500e-003
7.7500e-003 to 8.0000e-003
8.0000e-003 to ©.2500e-003
|| 8.2500e-003to 8.5000e-003
|| 8.5000e-003 to 8.7500e-003
|| 8.7500e-003to 3.0000e-003
|| 9.0000e-003to 3.2500e-003
9.2500e-003 to 8.5000e-003
9.5000e-003to 8.603%e-003

5.2659-003 0 6,0000e-003
6.0000e-003 10 6.5000e-003
6.5000e-003 0 7.0000e-003
7.0000e-003 0 7.5000e-003
75000e-003 o 8.0000e-003
8.0000e-003to 8.5000e-003
[ | 8:50006-003 o 8.0000¢-003
| 200006003 to 8.50006-003
[ | 250006003 o 1.0000-002
[ 1.0000e-002t0 1.05006-002
[ 1.0500e-002t0 1.10006-002
1.10006-002 o 1,1500e-002
1.1500-002to 1.1985e-002

a) vertical section b) vertical section - detail of connection
between the production pipe and the cavern

Figure 10 Casel: Displacemen¥ectorsand Contoursof DisplacementMagnitude (m)in the
Concrete

4.7256e-003to 5.5000e-003
5.5000e-003 to £.0000e-003
£6.0000e-003 to £.5000e-003
6.5000e-003to 7.0000¢-003
7.0000e-003to 7.5000-003
7.5000e-003 to 8.0000e-003
|| 8.0000e-003 to 8.5000e-003
|| 85000e-003to 9.0000e-003
|| 9.0000-003to 9.5000e-003
[ | 9.5000e-003to 1.0000e-002
[ 1.0000e-002to 1.0500e-002
1.0500e-002t0 1.1000e-002
1.1000e-002t0 1.1215e-002

34338e-003t0 5.0000e-003
5.0000¢-003to 6.0000e-003
£.0000e-003to 7.0000e-003
7.0000e-003to 8.0000e-003
8.0000e-003to 3.0000e-003
3.0000e-003to 1.0000e-002
1.0000e-002to 1.1000e-002
1.1000e-002to 1,2000e-002
1.2000e-002to 1.3000e-002
1.3000e-002t0 1.3617e-002

a) vertical section b) vertical section - detail of connection
between the production pipe and the cavern

Figure 11 Case2: Displacemen¥ectorsand Contoursof DisplacementMagnitude (m)in the
Concrete
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9.0815¢-003 to 1.1000e-002
1.1000e-002to 1.2000e-002
1.2000e-002to 1.3000e-002
1.3000e-002to 1.4000e-002
1.4000e-002to 1.5000e-002
1.5000e-002to 1.6000e-002
1.6000e-002to 1.7000e-002
1.7000e-002to 1.8000e-002
1.8000e-002to 1.8000e-002
1.9000e-002to 2,0000e-002
2.0000e-002to 2.1000e-002
2.1000e-002to 2.2000e-002
2.2000e-002to0 2.3000e-002

5.1842e-003to 8.0000e-003
8.0000e-003 to 1.0000e-002
1.0000e-002to 1.2000e-002
1.2000e-002t0 1.4000e-002
1.4000e-002t0 1.6000e-002
1,6000e-002t0 1.8000e-002
1.8000e-002to 2.0000e-002
2.0000e-002to 2.2000e-002
2.2000e-002t0 2.3186-002
Interval = 2.0e-003

a) vertical section b) vertical section - detail of connection
between the production pipe and the cavern

Figure 12 Case4: Displacemen¥ectorsand Contoursof DisplacementMagnitude (m)in the
Concrete
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1.5000e-002to 1.7500e-002
1.7500e-002t0 2.0000e-002
2.0000e-002to 2.2500e-002
2.2500e-002to 2.5000e-002
2.5000e-002t0 2.7500e-002
2.7500e-002to 3.0000e-002
3.0000e-002t0 3.2500e-002
3.2500e-002t0 3.3245e-002
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1.0000e-002to 1.2500e-002
1.2500e-002to 1.5000e-002
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2.2500e-002to0 2.5000e-002
|| 2.5000e-002to 2.7500e-002
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[ | 3.0000-002to 3.2500e-002
[ 3.2500e-002to 3.5000e-002
3.5000e-002to 3.7500e-002
3.7500e-002to 4.0000e-002

a) vertical section b) vertical section - detail of connection
between the production pipe and the cavern

Figure 13 Casel3: Displacement/fectorsand Contoursof DisplacementMagnitude (m) in
the Concrete
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5.2 Deformation and Stressesin the Steel Liner
5.2.1 AllowableStresses

Analysisof stresse@ the productionpipe andconnectiorplatewasconductedy the LRC group,
aspresenteih Review Documen, accordingo CODAP (theFrenchpressureresselsfechangers
code).Thestresdevelsareassessedsingthe Trescacriterion:

ot =01 — 03 <0, (1)

where oy = theTrescastress,
o1 = themajorprincipalstress,
o3 = theminor principalstress,
oa = ko,/1.6, allowableTrescastress,
o, = theyield stresof thesteel,and
k = thecoeficientspecifiedn CODAP accordingto theloadingtype.

For thesteellinerin thecavernandtheproductionpipe,ak-coeficientequalto 3 (for theconditions
of displacement-controlletbading)is recommendedby CODAP. The analysisin Review Docu-
ment5 wasdoneassuminga steelyield stressg,, equalto 267 MPa. Consequentlythe allowable
Trescastressp,, is 500.6MPa. However, in otherreview documentge.g.,Review Documentl),

theyield stresof steelwasassumedo be 355MPa, which suggestshattheallowableTrescastress
shouldbe 665 MPa.

Thestressanalysigoroposedy theASME Boiler andPressur&/esselCode(1998a) SectionVIl —
Division 2, Appendix4, “MandatoryDesignBasedon StressAnalysis” uses'Stressintensities”,S
(notto beconfusedvith thefracturemechanicparameterk’), thesameaso; definedn Equationl.

The takulatedallowable stress,S,,, is 1/3 of the uniaxial ultimate tensilestrength. S from the
primarymembranetresanustbelessthans,,. S fromlocalandbendingstressesustbelessthan
1.5S8,, (i.e.,equalto 50% of ultimatetensilestrength).S from thelocal andbendingstresseplus
secondangtressemustbelessthan3s,, (i.e., equalto ultimatetensilestrength).

In the ASME code, the stressdue to internal pressuren the steelliner shouldbe considereca
secondangtress.The definitionof primarystresss:

“A normalstressor a shearstressdevelopedby theimposedoadingwhich is nec-
essaryto satisfythe simplelaws of equilibrium of externalandinternal forcesand
moments.Thebasiccharacteristicof a primary stressis thatit is not self-limiting
Primary stressesvhich consideably exceedtheyield strengthwill resultin failure
or at leastin grossdistortion.”
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Ontheotherhand,the definitionof secondargtresss:

“A normalstressor a shearstressdevelopedby the constaint of adjacentpartsor
by self-constaint of a structue. The basiccharacteristicof a secondarystressis
thatit is self-limiting Localyieldingandminordistortioncansatisfytheconditions
which causethe stressto occur andfailure fromoneapplicationof theload is not
to beexpected.”

In thecaseof theLRC, thesteelliner justcontainghegas(preventsit from leaking),while theload

is carriedmostlyby thesurroundingock mass.Thereforethestresss “self-limiting” accordingo

ASME andwould beconsideredecondangtress.Therefore,S from all stressesustbelessthan

the ultimatetensilestrengthof the steel,or 490 MPa. This is muchlessthanthe allowablestress
underCODAP. Thesteelliner is underdisplacement-controlleldading— in which case strains,
fractureandfatigueare bettermeasure®f the limiting conditionin the steelliner. Fractureand
fatiguearediscussedn moredetailin Section6.0. Provisionsof CODAP with regardto allowable
stresseseento bemorereasonabléhanASME Boiler andPressur&esselCodefor theLRC-type
of structure.

Notethatall thecalculationgpresentetherearebasedntheassumptiomnf linearly elasticboehaior

for the steelliner. Consequentlybecausehe stress—strairturve for steelis highly non-linear
for stresslevels larger thanthe yield stress,calculatedstressedarger thanthe yield stress(and
particularlylargerthanthe ultimatetensilestress)arenot correctrepresentationsf stresdevelsin

theliner.

5.2.2 Casel: Continuous,Elastic Rok Mass

The membraneorcesin the steelliner for Casel (which assumesontinuous linearly elastic
behaior of therockmassandngyligible shearesistancén theinterfacebetweertheconcreteand
the steel)areshavn in Figure14. (Thetangentialerticalandhorizontalstressesanbe obtained
from the membrandorcesby dividing themby the thicknessof the steelliner.) The maximum
horizontalstresss approximatelyl 35MPa; themaximumverticalstresss 90 MPa. Themaximum
strainof 0.05%in the horizontaldirectionin the middle of the cavern clearlyindicatesconditions
correspondindo high-gycle fatigue. Themajorandminor principal stresses the productionpipe
(shavnin Fig. 15) arewithin acceptabléimits: the Trescastresds approximatel\200MPa, which

is lessthanthe allowablestress.Theforcesandstresse the steelliner andthe productionpipe
for thesameconditions— but assuming 5° friction anglein the bituminouslayer— areshawvnin

Figuresl6 and17. The maximumvertical stresds 180 MPa at the transitionbetweerthe vertical
wall andthe invert. The correspondingstrainis 0.07%. The horizontalstressin the middle of

the heightof the cavernis 115MPa. The correspondingtrainis 0.055%. Thesestressandstrain
levels are within the limits for high-gycle fatigue. However, the plot of principal stressesn the
productionpipe (Fig. 17) shavs thatthe compressie (vertical) stressat the transitionbetweerthe
steelliner thicknessof 15 mm and25.4mm is of the orderof 450 MPa. The high compressie
stressearegenerate@saresultof averticalpushof theproductionpipeby thecavernwall, andthe
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shearesistancén theinterfacebetweerthe steelandthe concreteto theverticalmovementof the
productionpipe. Suchhigh stresse the steelindicatepotentialbuckling problemsandwarrant
detailedanalysis.ThemaximumTrescastressa differencebetweerthe majorandminor principal
stressesis 550 MPa, larger thanthe allowable stressof 500.6 MPa, but lessthanthe 665-MPa
allowablestresdor steelwith ayield stressof 355 MPa (accordingto the FrenchCODAP code).
Note thatthis Trescastressexceedshe 490-MPRa limit thatwould be allowableunderthe ASME
code.

1.0313e+006 to 1.2000e+006
1.2000e+006 to 1.3000e+008
1.3000e+006 to 1.4000e+008
1.4000e+006 to 1.5000e+008
1.5000e+006 to 1.60002+006
1.6000e+006 to 1.7000¢+008
1.7000¢+006 to 1.80002+008
1.8000e+006 to 1.90002+006
|| 1.8000e+006 to 2.0000e+008
|| 2.0000e+006 to 2.1000e+008
[| 2.1000e+006 to 2.2000e+008
[C] 2.2000e+006 to 2.3000e+008
[ 2:3000e+006 to 24000e+008
240002+006 to 2.50002+008
25000e+006 to 2524%2+008

34633e+005 to 5.00002+005
5.0000e+005 to £.0000e+005
6.0000+005 to 7.0000e+005
7.0000e+005 to 8.00002+005
8.0000e+005 to 8.0000e+005
3.0000e+005 to 1.00002+008
1.0000e+006 to 1.1000e+006

1.1000e+006 to 1.2000+006
1.2000e+006 to 1.3000e+006
1.3000e+006 to 1.31672+006

a) vertical force b) horizontal force

Note: To obtain the stress, the force should be divided by steel liner thickness
(i.e., 15 mm)

Figure 14 Casel: Forces(MN) in the SteelLiner

-3.0853¢+007 to -2.7500¢+007
-2.7500e+007 to -2.5000¢+007
-2.5000e+007 to -2.2500e+007
-2.2500e+007 to -2.0000e+007
-2.0000e+007 to -1.7500e+007
-1.7500e+007 to -1.5000e+007
[ -1.5000e+007 to -1.2500e+007
[__|-1.2500e+007 to -1.0000e+007
[__|-1.0000e+007 to-7.5000e+008
[|-7.5000e+006 to -5.0000e+006
-5.0000e+006 to -2.5000e+006
-2.5000e+006 to -2.3336e-001

7.3023¢+007 to 8.00002+007
8.00002+007 to 1.0000e+008
1.0000e+008 to 1.1000e+008
1.1000e+008 to 1.2000e+008
1.2000e+008 to 1.3000e+008
1.3000e+008 to 1.4000e+008
1.4000e+008to 1.50002+008
1.5000e+008 to 1.6000e+008
1.6000e+008to 1.6755¢+008

a) major principal stress b) minor principal stress

Figure 15 Casel: Stresse¢MPa) in the ProductionPipe
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1.8106e+003to 5.0000e+005
5.0000e+005to 7.5000+005
7.5000e+005 to 1.0000e+006
1.0000e+006 to 1.2500e+006
1.2500e+006 to 1.50002+006
|| 1.5000e+006to 1.7500e+006
|| 1.7500e+006 to 2.0000e+006
[ 2.0000e+006 to 2.2500e+006
2.2500e+006 to 2.5000e+006
2.5000e+006 to 2.7026e+006

-1.8397e+005to 2.5000e+005
2.5000e+005 to 5.00002+005
5.0000e+005 to 7.50002+005
7.50002+005 to 1.00002+008
|| 1.0000e+006to 1.2500e+006
|| 1.2500e+006to 1.5000e+006
[ 1.5000e+006to 1.7500e+006
1.7500e+006 to 1.9610e+008

a) vertical force b) horizontal force

Note: To obtain the stress, the force should be divided by steel liner thickness
(i.e., 15 mm)

Figure 16 Casel, 5° Friction Angle BetweenSteeland Concrete: Forces(MN) in the Steel
Liner

-4.4316e+008 to -4.0000e+008
-4.0000e+008 to -3.7500e+008
-3.7500e+008 to -3.5000e+008
-3.5000e+008 to -3.2500e+008
-3.2500e+008 to -3.0000e+008
-3.0000e+008 to -2.7500e+008
-2.7500e+008 to -2.5000e+008
-2.5000e+008 to -2.2500e+008
|_|-2.2500¢+008 to -2.0000e+008
|__|-2.0000¢+008 to -1.7500e+008
[_|-1.7500e+008 to -1.5000e+008
|_|-1.5000¢+008 to -1.2500e+008
-1.2500e+008 to -1.0000¢+008
-1.00002+008 to -7 5000¢+007
-7.5000e+007 to -5.3608e+007

3.8331e+007 to £.00002+007
£.0000e+007 to 8.00002+007
8.0000e+007 to 1.00002+008
1.0000e+008 to 1.2000e+008
|| 1.2000¢+008 10 1.40002+008
|| 1.4000+00810 1.60002+008
[ 1.6000¢+008 0 1.80002+008
1.8000e+008 to 1.3860e+008

a) major principal stress b) minor principal stress

Figure 17 Casel, 5° Friction Angle BetweenSteeland Concrete: Stresse¢MPa) in the
ProductionPipe
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5.2.3 Case2: Continuous,Elastic-PlasticRodk Mass

Thestresseq thesteelliner of the cavern(Membrandgorcesareshavn in Fig. 18.),assumingio
friction betweenthe steelandthe concreteare150 MPa in the horizontaldirection(in the middle
of the heightof the cavern) and 110 MPa in the vertical direction(in the invert). The maximum
strainin the horizontaldirectionis 0.06%. The stresse the productionpipe (Fig. 19) shav that
the maximumtension(and,at the sametime, the Trescastress)s approximately340 MPa, which
is lessthanthe allowablestresse¢discussedn Section5.2.1). If afriction angleof 5° is assumed
betweenhe concreteandthe steel,the maximumtensilestresgand,at the sametime, the Tresca
stress)s approximatelyd90MPa,whichis alsolessthantheallowablestresdor steelof 500.6MPa
accordingto the CODAP code,andequalto the allowablestressaccordingo the ASME code.

Theresultsof theanalysegor Cased and2 weresupposedo becomparedvith theresultsreported
by GazdeFrancejn Review Documenb. However, becausef someoverly simplifiedassumptions
usedby Gazde France the resultsare quite different. The interactionbetweenthe cavern liner
andthesurroundingock masswasnot correctlyaccountedor in theanalysigeportedoy theLRC
groupin Review Document5. Consequentlyin their analysisfor loading Case2, which is also
consideredn thereview discussedh thisreport,thesteelliner insidethe productionpipedetaches
from theconcrete.Thisis certainlyanunexpectedeffect consideringhattheloadingcasenvolves
23-MPa gaspressuransidethe cavern andthe productionpipe. The estimatesf stressesn the
productionpipe obtainedby the LRC group,thereforeareincorrect.

Basedontheresultspresentedhn this section,it appearshattheassumptiorfReview Documeni,

p. 4) of a0° friction anglein the interfacebetweerthe steelandthe concreteis non-conserative

with regardto stressegredictedn the productionpipe. Theanalysisdemonstratetheimportance
of theshearesistancef thebituminoudayer, particularlyfor stresses theproductionpipe. If the

friction angleof thebituminouslayeris assumedo be5°, thestressem the productionpipecould

be (dependingntheyield stresf the steelandthe deformability/strengtiof therock mass)over

thetolerancdimit. (Theanalysispresentedn this reportusesa 5° friction anglein theinterface,
which is certainly accordingto Review Documentl, conserative.) Therefore besidesnsuring
thatthebituminoudayerhasverylow shearesistanceluringconstructiontheanalysisshouldtake

accurateaccounbf theshearesistanceOneoptionwould beto considetthetime-dependerghear
deformationof the bituminouslayer (creep)with regard to the time scaleof pressureoscillation
insidethe cavern.
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4.4683e+005to 6.00002+005
£.0000e+005t0 7.0000e+005
7.0000e+005t0 8.0000e+005
8.0000e+005t0 3.0000e+005
9.0000e+005to 1.0000e+006
1.0000e+006to 1.1000e+008
1.1000e+006to 1.2000e+008
1.2000e+006to 1.3000e+008
1.3000e+006t0 140002+008
14000e+006t0 1.50002+008
1.5000e+006to 1.60002+006
1.6000e+006t0 1.683%2+006

1.1851e+006 to 1.5000e+008
1.5000e+006 to 1.7500e+008
1.7500e+006 to 2.0000e+006
2.0000e+006 to 2.2500e+006
2.2500+006 to 2.5000e+006
2.5000e+006 to 2.7500e+006
2.7500¢+006 to 3.0000e+006
3.0000e+006 to 3.25002+008
3.2500e+006 to 3.2627e+006

a) vertical force b) horizontal force

Note: To obtain the stress, the force should be divided by steel liner thickness
(i.,e., 15 mm)

Figure 18 Case2: Forces(MN) in the SteelLiner

-5.1363e+007 to -4.5000e+007
-4.5000e+007 to -4,0000e+007
-4.0000e+007 to -3.5000e+007
-3.5000e+007 to -3.0000e+007
-3.0000e+007 to -2.5000e+007
-2.5000e+007 to -2,0000e+007
-2.0000e+007 to -1.5000e+007
-1.5000e+007 to -1.0000e+007
-1.0000e+007 to -5.0000e+006
-5.0000e+008 to -7.3864e+001

1.2316e+008 to 1.5000e+008
1.5000e+008 to 1.7500e+008
1.7500e+008 to 2.0000e+008
2.0000e+008 to 2.25002+008
2.2500e+008 to 2.50002+008
2.5000e+008 to 2.75002+008
2.7500e+008 to 3.00002+008
3.0000e+008 to 3.25002+008
3.2500e+008 to 34183e+008

a) major principal stress b) minor principal stress

Figure 19 Case2: Stresse¢MPa) in the ProductionPipe
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1.2850e+008 to 1.7500e+008
1.7500e+008 to 2.00002+008
2.0000e+008 to 2.2500e+008
2.2500e+008 to 2.5000e+008
2.5000e+008 to 2.7500e+008
2.7500e+008 to 3.0000e+008
3.0000e+008 to 3.2500e+008
3.2500e+008 to 3.5000e+008
3.5000e+008 to 3.7500e+008
3.7500e+008 to 4.0000e+008
4.0000e+008 to 4.2500+008
4.2500e+008 to 4.5000+008
4.5000e+008 to 4.7500+008
4.7500e+008 to 4.3318+008

a) major principal stress

Figure 20 Case2, 5° Friction Angle BetweenSteeland Concrete: Stresse¢MPa) in the

ProductionPipe

-2.7568e+008 to -2.5000e+008
-2.5000e+008 to -2.2500e+008
-2.2500e+008 to -2.0000e+008
-2,0000e+008 to -1.7500e+008
-1.7600e+008 to -1.5000e+008
-1.5000e+008 to -1.2500e+008
-1.2500e+008 to -1.0000e+008
-1,0000+008 to -7.5000e+007
-7.5000e+007 to -5.0000e+007
-5,0000e+007 to -2.5000e+007
-2.5000e+007 to -7.2524e+003

b) minor principal stress
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5.2.4 Case4: DiscontinuousRodk Mass,WedgeNo. 2

Case4 (discontinuousock masswedgeNo. 2) resultsin the mostunfavorablestressconditionsin

the steelliner comparedo all other“wedge” casedistedin Table1 andshowvn in Figure3. The
majorandintermediateprincipal stresse§The minor principalstresds zero.) for Case4 (noshear
resistancén theinterfacebetweerthe steelandthe concrete)dueto gaspressurensidethe cavern

areshowvn in Figures21 (in the connectiorplate)and22 (in the productionpipe). The maximum
Trescastresss approximately200 MPa, which s lessthanthelimit.

1.1414e+008 to 1.3000e+008
1.3000e+008 to 1.4000e+008
1.4000e+008 to 1.5000e+008
1.5000e+008 to 1.6000e+008
1.6000e+008 to 1.7000e+008
1.7000+008 to 1.8000e+008
1.8000e+008 to 1.3000e+008
1.8000e+008 to 2.0000e+008
2.0000¢+008 to 2.1000e+008
2.1000e+008 to 2.2000e+008
2.2000e+008 to 2.2815e+008

7.7438¢+007 to 8.00002+007
8.0000e+007 to 1.00002+008
1.0000e+008 to 1.1000e+008
1.1000e+008 to 1.2000e+008
1.2000e+008 to 1.3000e+003
1.3000e+008 to 1.4000e+008
1.4000e+008 to 1.5000e+008
1.5000¢+008to 1.6000e+008
1.6000e+008 to 1.7000e+008
1.7000e+008 to 1.7287+008

a) major principal stress b) intermediate principal stress

Figure21 Cased: Stresseg¢MPa) in the ConnectionPlate

2.3320e+007 to 4.0000e+007
4.0000e+007 to 5.0000e+007
5.0000e+007 to 6.00002+007
£.0000e+007 to 7.00002+007
7.0000e+007 to 8.00002+007
8.0000e+007 to 8.00002+007
9.0000e+007 to 1.00002+008
1.0000e+008 to 1.1000e+008
1.1000e+008 to 1.2000e+008
1.2000e+008 to 1.2516e+008

3.5830e+007 to 6.0000e+007
£.0000e+007 to 8.00002+007
8.0000e+007 to 1.00002+008
1.0000e+008 to 1.2000e+008
1.2000e+008 to 1.4000e+008
1.4000e+008 to 1.6000e+008
1.6000e+008 to 1.8000e+008
1.8000e+008 to 1.8733e+008

a) major principal stress b) intermediate principal stress

Figure 22 Cased: Stresse¢MPa) in the ProductionPipe



Tedhnical Review of the LRC Conceptand DesignMethodol@y: SteelLiner Response 26

However, if shearmresistancalueto the 5° friction angleis assumedn the interfacebetweerthe
steelandthe concretethe stressandstrainconditionsaremoresevere,asshovn in Figures23and
24. The maximumTrescastressin the connectiorplateis 514 MPa; the maximumTrescastress
in the productionproductionpipe is 632 MPa. Both stressexceedthe allowable Trescalimits
of 490 MPa (the ASME code)or 500.6MPa (the CODAP code)but arestill lessthanthe limit of
665 MPa accordingto the CODAP codefor a 355-MPayield stress.The maximumstrainin the
connectiorplateis 0.21%.

4.9086e+007 to 7.5000e+007
7.5000e+007 to 1.00002+008
1.0000e+008 to 1.2500e+008
1.2500¢+008 to 1.5000e+008
1.5000¢+008 to 1.7500e+008
1.7500e+008 to 2.0000e+008
[ | 2.0000e+008 to 2.2500e+008
|| 2.2500e+008 to 2.5000e+008
|| 25000e+008 to 2.7500e+008
[| 2.7500e+008 to 3.0000e+008
[ 3.0000e+008 to 3.2500e+008
3.2500e+008 to 3.50002+008
3.5000e+008 to 3.7347e+008

8.232e+007 to 1.5000e+008
1.5000e+008 to 2.0000e+008
2.0000¢+008 to 2.5000+008
2.5000e+008 to 3.0000e+008
3.0000e+008 to 3.5000e+008
3.5000e+008 to 4.0000e+008
4.0000e+008 to 4.5000+008
4.5000+008 to 5.00002+008
5.0000e+008 to 5.1403e+008

a) major principal stress b) intermediate principal stress

Figure 23 Cased4, 5° Friction Angle BetweenSteeland Concrete: Stresse¢MPa) in the
ConnectionPlate

-6.3183¢+008 to -5.5000¢+008
-5.5000¢+008 to -5.0000¢+008
-5.0000¢+008 to -4.5000¢+008
-4.5000¢+008 to -4.0000¢+008
-4.0000e+008 to -3.5000e+008
-3.5000e+008 to -3.0000e+008
[ -3.0000e+008 to -2.5000e+008
[__|-2.5000e+008 to -2.0000e+008
[__|-2.0000e+008 to -1.5000e+008
[ |-1.5000+008 to -1.0000e+008
-1.0000e+008 to -5.0000e+007
-5.0000e+007 to -4.8913e+007

3.0576e+001 to 1.00002+008
1.0000¢+008 to 1.5000e+008
1.5000e+008 to 2.0000e+008
2.0000e+008 to 2.5000e+008
2.5000e+008 to 3.0000e+008
3.0000e+008 to 3.5000e+008
3.5000e+008 to 4.0000+008
4.0000e+008 to 4.0074e+008

a) major principal stress b) minor principal stress

Figure 24 Case4, 5° Friction Angle BetweenSteeland Concrete: Stresse¢MPa) in the
ProductionPipe
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5.2.5 Casel3: DiscontinuousRodk Mass,Joints No. 13

Casel3 (discontinuousock massjoints No. 2) resultsin the mostunfavorablestressconditions
in the steelliner comparedo all other*joint” casedistedin Tablel andshown in Figure4. The
calculatedstressesn the cavern, connectionplate and the productionpipe for the casewith no
friction resistancareshowvn in Figures25 through30. The maximumTrescastressn the cavern
andthe connectiorplateis 465MPa. The maximumTrescastressn the productionpipeis of the
orderof 700MPa, whichis certainlyover thelimit evenfor the caseof 355-MPayield stress.

Theresultsfor the 5° friction anglein the interfaceagain shav muchlargerlocalizedstrainsand
stressesFor example,the maximumTrescastressn the cavernliner is 766 MPa. The maximum
strainis 0.31% whichis still in thedomainof high-gyclefatigue but closeto thelimit for low-cycle
fatigue. The maximumTrescastressn the productionpipeis 670 MPa, morethanthe limit for a
355-MRavyield stresdor steel.

Jointing conditions(for both wedgeand jointing cases)are selectedarbitrarily. However, the
consideredasesepresentonditionsthatarecertainlypossibleat potentialfuture LRC sites.The
analysisshaws that thoseunfavorableconditionscanleadto high stress/straing the steelliner,
particularlyinsidethe productionpipe. Stressefsidetheliner of the productionpipefor Casel3
are larger than the allowable stressesven if no shearresistancds assumedn the bituminous
layer Conditionsbecomeworsefor the5° friction anglein the bituminouslayer: almostall cases
consideringa discontinuousock masspredictTrescastressesn the steelliner of the production
pipe above the allowable limit. However, even the maximumstrainsfor the most unfavorable
conditions(discontinuitiesfriction) remainwithin thelimit of the high-gycle fatigue.

It is clearthattheeffectof discontinuitiesonthedeformatiorof thesteelliner shouldbeconsidered
carefullybothduringthe constructiorandthedesign.Discontinuitiesshouldbeconsidereaxplic-
itly andasaccuratelyaspossiblein the analysis. Any otherapproach(e.g.,continuum,smeared
cracks)canleadto eitherunsafeor overly conserative design.
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1.5852¢+008 to 2.00002+008
2.0000e+008 to 2.2500e+008
2.2500e+008 to 2.5000e+008
2.5000e+008 to 2.7500e+008
2.7500e+008 to 3.0000e+008
3.0000e+008 to 3.2500e+008
3.2500e+008 to 3.5000e+008
3.5000e+008 to 3.7500e+008
3.7500e+008 to 4.0000e+008
4.0000e+008 to 4.2500+008
4.2500e+008 to 4.5000+008
4.5000e+008 to 4.6442¢+008

£.5816e+007 to 1.0000+008
1.0000e+008 to 1.2500e+008
1.2500e+008 to 1.5000e+008
1.5000e+008 to 1.7500e+008
1.7500e+008 to 2.0000e+008
2.0000e+008 to 2.25002+008
2.2500e+008 to 2.50002+008
2.5000e+008 to 2.75002+008
2.7500e+008 to 3.00002+008
3.0000e+008 to 3.1304e+008

a) major principal stress b) intermediate principal stress

Figure 25 Casel3: StressegMPa) in the Cawern

£.5207e-002to 5.00002+007
5.0000e+007 to 7.50002+007
7.5000e+007 to 1.00002+008
1.0000¢+008 to 1.2500e+008
1.2500¢+008 to 1.5000e+008
1.5000e+008 to 1.7500e+008
1.7500e+008 to 2.0000e+008
2.0000e+008 to 2.25002+008
2.2500e+008 to 2.50002+008
2.5000e+008 to 2.75002+008
2.7500e+008 to 2.944%2+008

2.0384e+008 to 2.5000e+008
2.5000e+008 to 2.7500e+008
2.7500+008 to 3.0000e+008
3.0000¢+008 to 3.2500e+008
3.2500+008 to 3.5000+008
|| 3.5000e+008 to 3.7500e+008
|| 3.7500¢+008 to 4.0000e+008
4.00002+008 to 4.25002+008
4.25002+008 to 4.50002+008
4.5000+008 to 4.5313+008

N P

a) major principal stress b) intermediate principal stress

Figure 26 Casel3: StressegMPa) in the ConnectionPlate
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1.3823e+007 to 1.0000e+008
1.0000e+008to 1.5000e+008
1.5000e+008 to 2.0000e+008
2.0000e+008 to 2.5000e+008
2.5000e+008to 3.0000e+008
3.0000e+008to 3.5000¢+008
3.5000e+008 to 4.0000¢+008
4.0000¢+008 to 4.5000e+008
4.50002+008 to 4.7058e+008

-4.1808+008 to -3.5000e+008
-3.5000+008 to -3.0000e+008
-3.0000e+008 to -2.5000e+008
-2.5000e+008 to -2.0000e+008
-2.0000e+008 to -1.5000e+008
-1.5000e+008 to -1.0000e+008
-1.0000+008 to -5.0000e+007
-5.0000e+007 to -3.5345¢+002

a) major principal stress b) minor principal stress

Figure 27 Casel3: Stresse¢MPa) in the ProductionPipe

1.0748e-001 to 1.00002+003
1.0000e+008 to 1.5000e+008
1.5000e+008 to 2.0000e+008
2.0000e+008 to 2.50002+008
2.5000e+008 to 3.00002+008
3.0000e+008 to 3.5000e+008
3.50002+008 to 4.00002+008
4.0000e+008 to 4.5000e+008
4.5000e+008 to 5.0000e+008
5.0000e+008 to 5.50002+008
5.5000e+008 to 6.0000¢+008
£6.0000e+008 to 6.5000¢+008
6.5000e+008to 7.0000¢+008
7.0000e+008to 7.5000¢+008
7.5000e+008t0 7.6572¢+008

-16078e+007 to 5.0000e+007
5.00002+007 to 1.00002+008
1.0000e+008 to 1.5000e+008
1.5000e+008 to 2.0000e+008
2.0000e+008 to 2.50002+008
2.5000e+008 to 3.00002+008
3.0000e+008 to 3.50002+008
3.50002+008 to 4.00002+008
4.0000e+008 to 4.5000e+008
4.5000e+008 to 5.0000e+008
5.0000e+008to 5.5000¢+008
5.5000e+008to 5.9368¢+008

a) major principal stress b) intermediate principal stress

Figure 28 Casel3,5° Friction Angle BetweenSteeland Concrete: StressegMPa) in the
Cawern
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9.2037e+005to 1.0000e+008
1.0000e+008 to 1.5000e+008
1.5000e+008 to 2.0000e+008
2.0000+008 to 25000e+008
25000+008 to 3.0000e+008
3.0000e+008 to 3.5000e+008
3.50002+008 to 4.0000e+008
4.0000e+008 to 4.5000e+008
4.5000e+008 to 5.0000e+008
5.0000e+008 to 5.5000+008
5.50002+008 to 6.00002+008
£6.00002+008 to 6.50002+008
£.50002+008 to 7.0000e+008
7.0000e+008 to 7.2781e+008

-3.3045¢+001 to 5.0000e+007
5.0000+007 to 1.0000¢+008
1.0000e+008 to 1.5000e+008
1.5000¢+008 to 2.0000e+008
2.0000e+008 to 2.50002+008
2.5000e+008 to 3.00002+008
3.0000e+008 to 3.50002+008
3.5000e+008 to 4.00002+008
4.0000e+008 to 4.5000e+008
4.5000e+008 to 5.0000e+008
5.0000e+008 to 5.50002+008
5.5000e+008 to 5.93682+008

v W

a) major principal stress b) intermediate principal stress

Figure 29 Casel3,5° Friction Angle BetweenSteeland Concrete: StressegMPa) in the
ConnectionPlate

-6.6873¢+008 to -6.0000e+008
-6.0000e+008 to -5.5000e+008
-5.5000e+008 to -5.0000e+008
-5.0000+008 to -4.5000e+008
-4.5000e+008 to -4.0000e+008
-4.0000e+008 to -3.5000e+008
-3.5000+008 to -3.0000e+008
-3.0000e+008 to -2.5000e+008
-2.5000+008 to -2.0000e+008
-2.0000e+008 to -1.5000e+008
-1.5000+008 to -1.0000e+008
-1,0000e+008 to -8.0562¢+007

2.2790e+000to0 5.0000¢+007
5.0000e+007 to 7.5000¢+007
7.5000e+007 to 1.0000e+008
1.0000e+008 to 1.2500e+008
1.2500e+008 to 1.5000e+008
1.5000e+008 to 1.7500e+008
1.7500e+008 to 2.0000e+008
2.0000e+008 to 2.25002+008
2.25002+008 to 2.50002+008
2.50002+008 to 2.75002+008
2.7500e+008 to 2.9628e+008

a) major principal stress b) minor principal stress

Figure 30 Casel3,5° Friction Angle BetweenSteeland Concrete: StressegMPa) in the
ProductionPipe
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5.2.6 Effectof Cyclic Loading

Thestrainrangeduringoperationcycling wasinvestigated. Five cyclesof gaspressurescilations
betweer23 MPaand3 MPaweresimulatedn thenumericaimodelfor Case4 (discontinuousock
mass,wedgeNo. 2). The calculatedevolution of cavern deformationduring the first 3 cyclesis
shavnin Figure31. As expectedasignificantportionof initial wedgedisplacemenis irreversible.
Consequentlythe maximumstrain(0.21%in thefirst loading)is 0.186%or lessin the subsequent
loadingcycles. Sincetheresidualgaspressuren the cavernis 3 MPa, strainrangein theloading-
unloadingcyclesfollowing thefirst cycle is 0.144%or less.

It appeardrom theseresultsthat the effect of discontinuitiesin the rock masson the maximum
stress/strainn the steelline is reducedsignificantly during subsequentycles comparedo the
effectin thefirst cycle. Thereasorfor thisis theirreversibility of asignificantportionof theinitial

deformation(during the first loading) of discontinuitiesin the rock mass. Basically the blocks
settlein placeduringthefirst cycle.
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gas pressure 23 MPa gas pressure 3 MPa

1.5655¢-004 to 2.00002-003
2.0000e-003 to 3.0000e-003
3.0000e-003 to 4.0000-003
4.0000e-003 to 5.00002-003
5.0000e-003 to 5.0000e-003

5.1842e-003 to 8.0000e-003
8.0000e-003 to 1.0000e-002
1.0000e-002to 1.2000e-002
1.2000-002to0 1.4000e-002

Cyc|e 1 140002-002to 1 6000&-002 °E§ESZES§{§ 833332332
1,6000e-002to 1 2000e-002 500002003 to 9.00002-003
1.2000e-002to 2.0000e-002 30000003 to 1.00002-002
20000e-002ts 22000-002 1.00005-002 0 1.1000-002
22000800210 231862-002 1.10005-002 t0 120008-002
Interval = 2.0¢-003 1.20002-002t5 1.3000e-002
1300080020 1.3532¢-002
UL
o iy,
ot %,

28 5, 139386004 to 2.00002-003
& % . 200002-003 to 3.00006-003
S 2 5.12486-003 o 1.00006-002 3.00002-003 to 4.0000e-003
S Z 1.0000e-002 to 1.20008-002 40000003 to 8.0000e-003
1.20002-002to 140008-002 5.00002-003 to 5.0000e-003
Cycle 2 140002-002to 160006002 £.00002-003 to 7.0000e-003
150008-002t 1,80008-002 7.00002-003 to 8,0000e-003
180002-002to 2.00008-002 8.00002-003 to 3.0000e-003
200006-002t0 2.20006-002 9.00002-003 to 1.0000e-002
220006-002t0 232396-002 1.0000-002 to 1,1000-002
nterval = 208003 110008002 to 12000002
120006002 to 1.3000-002
130008002 to 1.3627-002
245265004 to 2.00002-003

. 200008+ :
527832003 to 8.00002-003 Tootseats oty
800002-003 to 10000002 4000020030 5.00002-003
1.00008-002t0 1.20008-002 500002003 to 5.00002-003
12000600210 14000e-002 £.00002-003 to 7.00002-003
Cyc|e 3 140002002 to 1.60002-002 7.00002-003 to 8.00005-003
1560006-002t0 1.8000e-002 500002003 to 9.00002-003
1,80008-002t0 2,00008-002 30000003 to 1.00002-002
200002-002t0 22000-002 1.00005-002 0 1.1000-002
2:2000e-002 to 2.4000e-002 110002002 to 1.20002-002
24000200210 251442-002 1.20006-002 0 1 30008-002
1300080020 14000-002

Figure 31 Cased: Displacemenwectorsand Contoursof DisplacementMagnitude (m) Due
to First 3 Loading Cycles
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6.0 FATIGUE AND CRACK GROWTH

This sectionsummarizeshefindingsfrom the review of the documentseferencedn Section3.1

regardingthefatigueandfractureof thesteelliner for aproposed.inedRockCavern. Theobjectve

wasto review thefitness-forpurposesvaluationgdescribedn thereview documentsandto exam-

ine theliner with respecto codesthatwill governthe constructiorandoperationof a LRC in the

United States.The primaryconcerrregardingtheliner is fracturefrom crack-like weldingdiscon-
tinuities,or propagtionof thesecracksby low-cyclefatigue(A cavernwill undegoapproximately
500cyclesin its lifetime.), eventuallyleadingto leakingof theliner or fracture.

It is understoodhat the liner is madefrom low-alloy structuralsteelplates12 mm to 15 mm
thick with aminimum specifiedyield strengthof 355MPa andaminimum Charpy requiremenof
30 Joulesat -40° C. Accordingto Review Documentl, the platesarejoined with completejoint
penetratiorgroove weldsbackgouge@ndweldedfrom the secondside.

Thereis onespecialweld (thelastweld accordingo paged5 of Review Documentl) thatwill have
to be madefrom onesideonly andwhich will have a backingbarremaining. This weld will be
locatedin anareaof lower straindemandaccordingo Review Documentl) and,thereforejs not
critical andwill notbediscussedurther.

The constructiondrawings (Review Document9) alsoshaov several potentiallyimportantdetails
thatarenotdiscussedh thereview documentssuchasDetailA in Drawing No. 669-024Rev. C of
Review Documen®, shavn in Figure32, whichis atransitionfrom a 324-mmdiametepipeto the
liner. However, thedetailthatappearsnostcritical is Detail D in Drawing No. 669-025Rev. B of
Review Documen®, shavnin Figure33,whichincludesa pipefoot andagusset-platattachment
fillet-weldedto theliner. Thisdetailwill have a stresoncentratiomgreateithan4, andthereforet
is essentiathatthislocationatthebottomof theliner alsois alocationof reducedstressandstrain
ranges.

Theinternalpressur@ntheliner, accordingo Review Documen®, rangefrom 3 MPato 20 MPa.
Theminimumtemperaturatthemaximumpressuras 10° C. Accordingto page5 of Review Doc-
umentl, thenominalmembranetrainrange(notconsideringheeffect of thestressoncentrations
at the details)is estimatedo bein the rangebetween0.1% and0.2%. (In mary otherplacesin
thereport,lower strainranges— typically 0.1%or less— arediscussed.)This is approximately
equalto the yield strain, which is 0.17%. Therefore,it is realisticto expectthe peakstressto
equalthe minimum specifiedyield strength 355 MPa. The stressangeof 218 MPa (e.g.,Review
Documentl, p. 98) wasusedin thefatigueanalysis.The stressangewasderived (Review Docu-
mentl, p. 94)from the98-percentilestrainrangeof 0.089% 0btainedrom theprobabilisticdesign
approach.



Tedhnical Review of the LRC Conceptand DesignMethodol@y: SteelLiner Response

34

110000

£06.4
. 323.9
Detail C?
1 ! i
T T
AN ' H v
A{ ! !! IA
R {
. ‘ \
/ +27.6 ! H// ( g \
/ =
l‘—w/ lf‘jf l \:—L
/ | i ‘ \ Centrolizeﬂr ‘\
/ v see Detaii B \
/ il .
25.4 IR /
N ’ ! ! g
g 8| l»u ‘ __LB
i+ L
T : ‘&& Steel Band pr. 1m
: i
A
— | S8 .
— i —
; i
© i [ Connection Plate
k | l ‘ RAEX_ 355 NL Arctic
g i
H
1
T
L1
I
¢

Figure 32 Detail of Transition From the ProductionPipeto the Liner
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6.1 Initial Defect Size

Theweldswill be 100%inspectedwith ultrasonictesting,and 10% randomlytestedwith radio-
graphidesting.In addition thesurfacef theweldswill beinspectedisingeithermagnetic-particle
or dye-penetrantechniques Despitethis rigorousweld testing,the weldswill befabricatedwith
thetypical minor defectsanddiscontinuitieshatarepresenin all welded-steestructures.In the
United Statesthe resultsof theinspectionwill likely be evaluatedby the standardof American
Welding Society(2000): AWS D1.1, “StructuralWelding Code- Steel’. AWS D1.1is widely
appliedas a workmanshipstandardfor newv constructionof a variety of steelstructures. Welds
with defectsanddiscontinuitieghatdo not meetthe standard®f AWS D1.1 mustberepairedand
retested Thereforetheworst-casdlaws for considerationn thefitness-forpurposesvaluationare
thetypesandsizesof defectghatareacceptablaccordingo AWS D1.1. Every detailof thestruc-
ture shouldbe evaluatedwith respecto brittle fracture,fatigueandcrackgrowth, assuminghat
worst-casealefectis presentight afterthe inspectionalthoughit is very likely thatthe maximum
discontinuitiesn mostmembersarefar smaller Table4 summarizesheworst-caselefectsizes.

Table4 Summaryof Worst-CaseDefects

Type of defect | Relevant AWS provisions | Maximum defect size
Undercut Table 6.1 0.25 mm in primary member
Crack at attachments 5.26.1.4 0.025 mm

Buried defects 15 mm thick | Figure 6.1 10 mm

Buried defects 12 mm thick | Figure 6.1 8 mm

Undercut — Thestandardgor acceptancef weld undercutarefoundin Table6.1 of AWS D1.1.
For trans\ersebutt weldsin primarytensionmembersthe undercutmustbe lessthan0.25mm.

Crack at Attachments — Therequirementdor cracksareprovidedin Section5.26.1.4o0f AWS
D1.1, which stateghat cracksmustbe repaired. The worst-casalefectsizeis theoreticallyzero,
becauseracksarenot allowedin AWS D1.1. However, it is concevablethata crackaslarge as
the surfaceroughnessor atorch-cutsurfacecould be tolerated. Therefore the worst-casalefect
sizefor acrackatanattachmenin Table4 is assumedonseratively to be0.025mm.

Buried Defects — The standardgor acceptancef buried defectsby ultrasonictesting(UT) are
givenin Section6.130f AWSD1.1. Table6.2of AWS D1.1presentshecriteriafor staticallyloaded
non-tulularconnectionsFor thethicknessof theliner (lessthan20-mmthick) thedB ratingof ary

indicationsmustbe:

1. greaterthan+8 for long indicationsgreaterthan50 mm;
2. greaterthan+7 andnotmorethan50 mmlong;

3. greaterthan+6 andnotto exceed20 mm long;
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4. greaterthan+5 for any length.

On mary occasionsthe sectionindicatedashaving a rejectabledB rating will be coredout of a
grooveweldfor destructve examinatiorandcharacterizatioof theactualflaw. Figure34shovsthe
resultsof mary of thesanvestigationsplottedin termsof thedB ratingversughelargestdimension
of theactualflaw size. TheAWS D1.1rejectionlimits for butt weldsof variousthicknessearealso
shavn in thefigure. It canbe seenthatthe AWS criteriaarevery conserative. For theliner less
than19 mmthick, the+5 dB ratingensures defectsizelessthanl mmin diameter

N
10
s |____Rejectfort<18mm (70° class A)
(&)
Defect ‘
Rating O | _°°_____ Rejectfort<64mm
(db) ° o .
-5 ) Reject for t <203 mm
RN - )
-10 ®
-15 R
o 2 4 6 8 10 12

Measured Defect Width (2a) (mm)

Figure 34 Actual DefectSizeFrom Destructive Examinationsof CoresFrom WeldsWith UT
Indications of Various dB Ratings

Becausehe AWS acceptanceriteriafor UT arenot quantitatve in termsof the sizeof the defect,
it is usefulto examinethe acceptanceriteriafor radiographidesting(RT). It is assumedhatthe
UT acceptanceriteriaarecalibratedto achieve aboutthe samequality level asthe RT acceptance
criteria. The RT acceptanceriteria are givenin Figure 6.1 in AWS D1.1, andthey vary with
thicknessof the weld. The appropriateworst-caseadefectsfrom Figure6.1in AWS D1.1 for the
thicknessesf thecritical membergonsideredor LRC aregivenin Table4. Thevaluesin thetable
representhelargestdimensionacrosshedefect.(Thedefectsareusuallyelongatedfollowing the
weld beadsthe dimensionin Table4 is thetotal lengthof this defect.) The buried defectsshould
be modeledasperfectlyroundcrackswith diametersaslarge asthe worst-casalefectdimension
in Table4, which s certainlyconsenrative. It canbe seenthattheseacceptanceriteriaaremuch
moreliberal thanthe destructve testingof the UT indicationsshown in Figure34.
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Accordingto thediscussioron pagel07 of Review Documentl, theweldsshouldbeinspectedo

“Level BV, stringentrequirementaccordingo ISO5817”. Consequentlthemaximumremaining
defectwould be a 3-mm diameterburied defect. In analysesof crack propagtion in Review

Documents2 and 3, aninitial semi-circularsurfacecrackwith a depthof 3 mm anda surface
lengthof 6 mmis assumedThis assumedlefectsizeis twice thesizeof the3-mmdiameterdefect
discussedn Review Documentl andis alsosurface-breakingwhich makesthis assumptiorvery
conserative. In Review DocumenB, athrough-thicknessrackof 3 mmin lengthis alsoevaluated.
As canbe seenby comparisorof theseassumptionso the AWS maximumallowableflaw sizesin

Table4, theassumedurfacecracksizeis very conserative.

The buried crackswere neitherevaluatednor discussedn the review documents A buried crack
somevhatlargerthandefectdiscussed Review Documentl is possibleaccordingo AWS D1.1.
However, buried defectsaremuchlesssererethanedgecracksandarenot expectedto beanissue
with regardto thefatigueandfractureof the steelliner.

6.2 Fracture MechanicsAnalysis

Weld defectscandevelopinto cracksandpropagteby fatiguewhensubjectedo repeatedoading
andunloading. Theliner will be subjectedo up to 500 large stressranges approximatelyequal
to the yield strength. Using establishedracture-mechanicgrinciples, acceptablanitial crack
size can be definedas a cracksize that will not propagteto the critical size in the lifetime of

the structurebeingconsidered.Thesetypesof calculationsarereferredto asfitness-forpurpose
analysesindicatingthat,althougha componentmay have defector discontinuity it canbe proven

thatit isfit for its definedpurposdlifetime andanticipatedoading). TheBritish Standard#nstitute
(1999)publishecadocumentntitled: “Guide on Methodsfor AssessingheAcceptabilityof Flaws

in Metallic Structures”(BS7910),which outlinesa detailedprocedurefor a fithess-forpurpose
analysis. BS7910is applicableto a broadrangeof structuresjncluding the liner, and hasbeen
usedfor decadeslt is recommendethattheliner beevaluatedusingtheestablisheghroceduresf

BS7910.Theresultof thisevaluationwould bethemaximumallowabledefectsize. If thisallowable
defectsizeis greatetthantheworst-casalefectsizeallowableunderAWS D1.1 (Table4), thenthe

structuralcapacitywill notbeaffectedby the defects.

Thecalculationsn BS7910arebasednlinearelasticfracturemechanic§LEFM). Thecalculations
involve the stress-intensityactor (K), which characterizeshe stressfield at notchesor cracks.
Crack-like notchesandweld defectsare idealizedas cracks,and the term crackwill be usedto

includecrack-like notchesandweld defects. TheappliedK is determinedy the sizeof the crack
andthe nominal gross-sectiorstressremotefrom the crack. BS7910presentssolutionsfor the

appliedstress-intensityactor K, for avariety of geometriesThefollowing discussioroutlinesa

few usefulsolutionsandexamplesof their applicationto weldedjoints.

In generaltheappliedstress-intensityactoris givenas

K =F.xFy x Fyy x Fg xo«/ma (2
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wherethe F termsaremodifierson the orderof 1.0, specifically:

F. isthefactorfor the effect of crackshape,
Fy isthefactor equalto 1.12,thatis usedif acrackoriginatesatafreesurface,

F,, isacorrectionto accountfor a finite sizeof a structurebecausehe basicsolutionswere
generallyderivedfor infinite or semi-infinitebodies,and

F, isafactorfor theeffectof non-uniformstressessuchasastressoncentratioor abending
stresgradient.

A stressconcentratiorfactor(SCF)is definedasthe ratio of the peakstressnearthe stressaiser
to the nominal gross-sectiorstressremotefrom the stressraiser SCFis often usedin fracture
assessmentghenthe crackis locatedneara stresgaiser For example,if acrackis locatedatthe
edgeof oneof thefillet-weldedattachmentshe SCFwill bebetweerd and5. SCFis includedin

F,. Thestressntensityfactorhasunits of MPam'/2.

Thefracturetoughnesscalled K “critical” or K., is a materialpropertycharacterizedh termsof
theappliedK atthe onsetof fracturein simplified smalltestspecimensThe fracturetoughness,
K., is consideredh transferablenaterialproperty— i.e., fractureof structuraldetailsis predicted
if thevalueof theappliedK exceedsk..

6.3 Toughness Testing

In theUnitedStatesthe Charyy testis theacceptedvay of specifyingtoughnes$or structuralteel.

It is our opinionthatthefracturemechanicsestingdescribedn Review Document is notrequired

in orderto ensureadequatéoughnessf thesteelliner plateor filler metal. The Charpy testensures
acertainlevel of toughness.

Theliner could be designedn accordwith the Americaninstituteof SteelConstructions (AISC)
“Load andResistancé&actorDesignSpecificatiorfor StructuralSteelBuildings” (2000). Current
AISC specificationseferto AmericanSocietyfor TestingandMaterials(ASTM) specificationgor
structurakteel,suchasA36 (2001a).Withoutsupplementadpecificationsthesesteelspecifications
donotrequirethe Charpy testto be performed.Thereforethe Charpy V-Notch (CVN) impacttest
mustbe specifiedby the purchasenof steelasa supplementalequirement.

ASTM A673 (2001b)hasspecificationdor the frequeng of Charpy testing. The H frequeny

requiresasetof threeCVN specimenso betestedrom onelocationfor eachheator about50tons.
Thesespecimenganbe takenfrom a platewith thicknessup to 9 mm differentfrom the product
thicknesgf it is rolled from thesameheat. The P frequeng requiresa setof threespecimenso be
testedirom oneendof every plate. The steelspecificationgor the steelliner shouldrequireCVN

testingatthe P frequeng.



Tedhnical Review of the LRC Conceptand DesignMethodolay: SteelLiner Response 40

Dueto variability in the cooling rate andresultantmicrostructureandgrain size, toughnes®f a
weldmetalcanvarywidely dependingpnmanugcturerscertification weld-procedurgualification
testing,andthefabricationof thestructure. Thetoughnesss dependenbnpropershieldinggasand
flux to reduceimpurities. Therefore welding proceduresnustbe monitoredto controltoughness
aswell asto avoid defects. Typically, higher heatinput decreasesooling rate and toughness.
Qualificationtestsareoftencarriedout on plates25-mmthick. Theprocedurenaythenbeapplied
tothinnerplateswherecoolingrateswill decreasandthetoughnesmaybelowerthanqualification
testsindicate. Thereforejt is recommendethatthe weld-proceduregualificationtests,including
the CVN tests,be performedperiodically for every welderon the job using platesof the same
thicknessof theliner.

6.4 Estimation of Toughness

A widely acceptedtorrelationfor thelower shelfandlower transitionregion betweenk . andCVN
is creditedto BarsomandRolfe (1987):

K. =115 x ~/CVN 3)

whereCVN is givenin J,and K, is givenin MPam'/2. (A differentconstanis usedfor English
units.) Figure 35 shavs K. datafor a variety of brittle materialsthat have causedfracturesof
steelstructuresn the past(Barsomand Rolfe 1987). Datafrom the web/flangecoreregion of a
W14x 605 “jumbo” wide-flangecolumnsectionare shavn. This materialin the coreregion of
jumbo sectionsanadein the pasthadunusuallylow toughnessandcausedseveral fracturesin the
early1970swhentheshapesvereusedastensionchordsin trussesThelower-boundCVN enegy
for the coreregion rangesrom 4 Jto 14 J. Usingthe correlationof Equation(3), the scatterband
for the predictedK . rangesrom 23 MPa-m'/2 to 43 MPa-m'/2. Thescatterbandor K. basedon
theCharpy datais shavnin Figure35with measured . datafrom fracturemechanicsests.These
datashaw that the correlationof Equation(3) is conserative, asthe actual K. rangesbetween
45MPa-m*/2? and50 MPa-m*/2,

Alsoshavnin Figure35areK . datacalculatedusingEquation(3),fromtheCVN datameasuredor
severalbrittle weldsthatcausedracturesn the past. Oneexampleis the brittle self-shieldedlux-
coredarc weldsthatwereusedin moment-frameconnectiongrior to the Northridgeearthquak
in 1994. Anotheris the brittle weldsthatcausedh fracture,in Januaryl986,of a steelbox section
supportinga roof at the Wolf Trap OutdoorPerformingArts Centerin Virginia. It happendhat
thevaluesof CVN and K. for thesebrittle weldsalsofall within the scatterbandor “lower-shelf’
brittle-fracture-pronenaterialsasshavn in Figure35. Thelowerboundsof theCVN and K. data
arenot sensitve to temperaturer strainrate becauseéhesematerialsdo not undego a transition
attemperaturesf interest. This similarity in the datasuggestshata theremay be a lower-bound
valueof the fracturetoughnesshatcanbe assumedor brittle ferritic weld metal,structuralsteel
andtheheat-afectedzone(HAZ). Thelower-boundfracturetoughnesseflectstheworsteffectsof
temperatur@ndstrainrate. For theseconditionsandmaterialsthelower-boundfracturetoughness
is about50 MPa-mY/2, Becauséhedatain Figure35 arecharacteristiof the mostbrittle steeland
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Figure 35 Fracture Toughnesdatafor a Numberof Brittle Materials That Have Caused
Fracturesin the Past

weld metalthat have ever beenusedin the past,a minimum fracturetoughnes®f 50 MPa-m?/2
canbe consenratively assumedor the steel,weld metal,and HAZ in the liner aswell. Using
Equation(3), it canbe shovn that50 MPa-mY/? correspondso a minimum Charyy valueof about
19 J atthe lowestanticipatedservicetemperature BS7910hasa slightly differentcorrelationfor
the useof Charpy to predictfracturetoughnesshat also dependson the thicknessof the plate.
UsingCVN equalto 19 J, thecorrelationin BS7910givesa fracturetoughnessf 58 MPa-m/2 for
sectionsl0-mmthick, and50 MPa-mY/2 for section®25-mmthick. Thus,thiscorrelationessentially
givesthesameresult.

As discussegbreviously, the steelfor theliner shouldhave aminimum Chargy requiremendf 30J
at-40° C. Thisrequirementorresponds a K. of 63MPa-mY/2. However, theminimumoperating
temperatureat maximumpressuras 10° C, sothe Charpy at this temperaturevould be expected
to bemuchgreater On page4 of Review Document2, experimentalaluesof 65 J (corresponding
to K. of 93 MPa-m'/?) arediscussedFurthermorethereis a strainrateshift thatwould make the
K. valuemuchgreaterthanwould be obtainedfrom Equation(3). In Review Documentsl and3,
K, wastakenas80 MPa-m?/2, In Review Document2, K, wastaken as127 MPa-mY/2, but the
maximumapplied K wascomparedo 0.7 times K., or 90 MPam'2. Theseassumptionseem
entirelyreasonablandconserative. However, it shouldbeensuredhatthesteelplateusedo make
theliner meetgheseminimumrequirementsThenew dataon fracturetoughnessestingprovided
in Review Document4 supportthe useof a critical fracturetoughnessshigh as244 MPa-m*/2,
However, thesehigh valuescharacterizgoarticularsteelandweld material. Thereis no reasono
believe thatthe samematerialswill beusedin the United States.
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6.5 Critical Defect Size

Slightly differentapproacheareusedn thereview documentsor calculatinghecritical final crack
size.Becausehereis no equvalentU.S. standardit is recommendethatfractureassessmentse
conductedn accordancavith BS7910whichis widely acceptedn theoil andgasindustryaswell
asin mary otherindustries.Thereview documentsiseafailure-analysisliagramapproachyhich
basicallyaugmentgshe LEFM approachto includea checkof possibleplasticlimit load. Thisis
essentialljthe sameastheapproachn BS7910.

However, thereis an inconsisteng in calculatedcritical defectsizesas presentedn the review
documentsTheresultsobtainedn Review Documentsl and3 conculdethata through-thickness
crackof 10.5mm, aswell asasurfacecrack9.1 mmin lengthand4.6 mmdeep couldbetolerated.
The critical defectsizesreportedin Review Document4 arelarger: 5.4-mmcritical crackdepth,
10.8-mmsurfacelength,and98.5-mmcritical lengthof thethrough-thicknessrack. Theincreased
lengthof critical defectreportedn Review Document is supposedlya consequencef thelarger
fracturetoughnesaised(i.e., K;. = 244 MPa-m/2 comparedo K;. = 80 MPa-m/2 usedin
Review Documentd and3). Assuminghatthecritical defectsizeis calculatecbasednaugmented
LEFM, theincreasen the critical defectsize shouldbe proportionalto the squareof the ratio of
fracturetoughnessesConsequentlythe increasein the critical length of the throughthickness
crackfrom 10.5mmto 98.5mm seemsorrect. However, theincreasan critical lengthof surface
cracksfrom 9.1 mmto 10.8mmwhentoughnesss increasedrom 80 MPa-m'/? to 244 MPa-m*/?
seemsinreasonable.

Review Document2 alsodescribeda tearinginstability analysisusinga J-R curve. Thisis amore
sophisticate@nalysisandshavedthataslightly largercracksizecouldbetolerated.However, the
tearinganalysisvasbasednonly estimatedower-boundmaterialpropertiessoit isnotnecessarily
expectedto bemoreaccurate.

6.6 Secondary Stressesin Fracture Assessments

BS7910requiresthat any secondarystress suchasweld residualstress,alsobe includedin the
calculationof the stresgantensityfactor K. In this casetheappliedK might beashigh astwice
thevaluecomputedusinga peakstressequalto the 355-MPayield stresf the plate,becausé¢he
residualstrescouldalsobeashighas355MPa. Thisrequiremenbf BS7910is not consideredn
thereview documents.

In termsof stressthisapproactseemsverly conserative. However, thesimplifiedLevel 1 fracture
analysigproceduren BS7910actuallyis dervedfrom astrain-baseg@rocedur&nown astheCTOD

designcurve. This designcurve wasderived empirically from full-scaletestson wide plateswith

trans\ersebutt welds. In this procedure the strainsfrom primary and secondarystressesvere
addedtogetherto calculatethe straindemandon the wide-platetests. Althoughit is conserative
andbasedn thelower boundto thesefull-scaletests,it is consistentvith thedata. Thereforethe
otherapproachethatdid notincludesecondargtressearesomavhatinsuficientin this regard.
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Notethatalthoughresidualandothersecondarstresseshouldbeincludedin the fracturepartof
theassessmenthey arenot supposedo beincludedin the plasticlimit load calculations.Thisis
dueto secondanstressshaledavn asthe plasticlimit loadis approached.Therefore,including
residualstressesiasan effect on the potentialfor brittle fractureonly, andit is appropriateo be
asconserative aspracticalwhenit comesto avoiding brittle fracture. Residualktressesndother
secondangtresseshouldnotbeincludedin theassessmemdf low-cycle fatigue.

It is clearthatsecondanstresseshouldbe includedin the fractureassessmentiowever, taking

thefull valueof the plateyield strengthasan estimateof the residualstresss very conserative.

BS7910hasprovisionsfor moresophisticate@nalysegLevel 2 andLevel 3) wheremorerefined
estimate®f theresidualstressareused.However, theseapproachesequirematerialpropertiedor

theactualsteelandfiller metalbeingused.Beforethe materialsaredelivered,X is estimatedrom

the Charpy requirementsandonly theLevel 1 proceduras appropriatelt is believedthat,despite
themoreconserative assumptionghelLevel 1 procedurewill still shav thatthemaximumdefects
allowedby AWS D1.1areacceptablendwill not present significantrisk of fracture.

6.7 Low-Cycle Fatigue

Thereareseveralapproacheasedn Review Documentd, 2 and3 to assesthepossibilityof crack
formationby low-cycle fatigue. Review Documentl begins with a classicalstrain-life equation
(Mansonequationdevelopedfrom tensiletestdata)thatsuggestanallowablestrainrangeof 2%
for 500cycles. Then,alower-boundstrain-liferelationis examinedhatsuggestanallowablestrain
rangeof 0.5%for 500 cycles. Next, Review Documentl treatsthe problemwith the high-gycle
fatigueS-N approachusinganS-N curve for intersectingoutt welds. This S-N curve hasafatigue
strengthof 80 MPaat 2 million cycles. For theelasticstresgangeof 219MPa, this approactygives
alife of 39,000cycles.Althoughnotusedhiswayin Review Documentl, thisapproacitouldalso
beusedo predictanelasticstressangeat500cycles,whichwould beaboutl270MPa. Thiswould
correspondo a strainrangeof about0.6%. Althoughthis approactseemsanuchdifferentthanthe
strainlife equationsit givesaresultthatis approximatelythe same.A slightly moreconsenrative
approactcould betakenif the filet-weldedattachmentsre considered.The S-N curve for these
details(AWS Categyory E) hasfatigue strengthof 56 MPa at 2 million cycles. This S-N curve
predictsanelasticstresgangeat 500 cyclesof 890 MPa. This would correspondo a strainrange
of about0.4%. In additionto theweldedattachmentghis detailcategyory would alsoincludewelds
with backingbarsor evenseverelycorrodedareasof theliner, sothesewvouldalsohave anallowable
strainrangeof 0.4%. It is alsoworthwhileto compareheseanalysego thefatiguedesignrulesof
theAmericanSocietyof MechanicaEngineerd ASME), Boiler andPressur&/esselCode(1998hb),
SectionVIll, Division 2 - Alternative Rules. The appropriateS-N curve, Figure5-110.1,shovs
an allowable elasticstressrangeof 1380 MPa for 500 cycles, correspondindo a strainrangeof
0.67%. The ASME approachprovidesfatiguestrengthreductionfactors(FSRF)for the welded
details,which areanalogougo stressconcentratiorfactors(SCF). The butt weldsshouldhave a
FSRFof about3, leadingto an allowable strainrangeof about0.22%for 500 cycles. Note that
thisis muchlessthatthe 0.6%allowablestrainrangecomputedisingthe high-gycle S-N curve for
intersectindoutt welds. Thefillet-weldeddetailshave a FSRFof about4.5,leadingto anallowable
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strainrangeof only about0.15%for 500 cycles. Again, this is muchlessthanthe high-gy/cle
S-N curveswould allow andshaows thatthe ASME approachs moreconserative in this rangeof
cycles. Theallowablestrainrangeof 0.15%is very closeto the estimatednaximumstrainranges
in theliner and,thereforemaybe of concern.This calculationalsoshavs theimportanceof these
fillet-weldeddetails,which candramaticallyreducethe allowablestrainrange.

6.8 Fatigue Crack Initiation Propagation

TheParisLaw (ParisandErdogan1962)relatingtherangen stress-intensitfactor(A K) to fatigue
crack-gravth rate(da/dN) is usedin BS7910.TheParisLaw is expresse@s

da m

where a = cracksize,
N =numberof cycles,
C =anexperimentallydeterminectoeficient,
AK = stresdntensityfactorrange,and
m = materialconstant.

BS7910givesthe valueof C andm for steelin a marineervironmentequalto 1.65- 10~ and
3, respectiely, for a in metersand K in MPamY/2. Thisis slightly largerandmoreconserative
thanthevaluesusedin Review Document2. However, Review Document3 usedtheASME crack
growth-ratelaw that,at20 MPa-mY/2, gave agrowth rate7 timesfasterthantheratein BS7910.In
ary casethe maximumcrackextensionwasaboutl.3mm onthe surfaceand0.5 mm throughthe
thicknesdor the 355 MPa stresgangeand500cycles.

7.0 STANDARDS OF CONSTRUCTION

Review Document6 is a comprehensie setof performanceequirementdor the overall design
of the steelliner, requireddocumentationmaterialrequirementgor steelplate andfiller metal,
erectionandwelding, andinspection.With adaptatiorfor usein the United Statesijt is sufficient
to provide areliablelevel of quality thatwill ensurethatthe structurecanperformasexpected.

Much of thematerialin Review Documen® is duplicationof whatwould be providedby reference
to othercodesandspecificationsasexplainedbelon. Themainproblemis thatit is written for use
in SwedenandreferencesSwedishstandards.It will needto be rewritten to referenceandavoid
duplicationwith appropriatestandards theUnitedStates. Theprimaryissueghatneedadaptation
are:
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1. designcode;
2. availablematerialg(steelplateandfiler metal);and

3. constructiompracticeandwelding procedures.

7.1 Design Code

The LRC DemoPlantis not a typical structure,andit is not clearwhat codeor standardvould
governthedesign.Theapplicablecodeor standardlepend®n thelocationandgoverningfederal
and/orlocal regulations.

AmericanPetroleuminstitute (API) standardsnay apply becausehe purposeof the cavernis to
storenaturalgas. The steelliner is essentiallya pressurevesseland, therefore could possiblybe
designedby the ASME Boiler and Pressure/esselCode (1998b). However, the ASME Boiler
andPressuré/esselCodeis very prescriptve andassumeshat the structurebeingdesigneds a
corventionalpressurevessel. The liner is quite differentfrom a corventionalpressurevessel,as
the steelliner actsin combinationwith the concreteandrock to withstandthe internalpressure.
(Actually, thesteelliner only providesthetightnessthepressuras carriedby therockmass.)Also,
the ASME Boiler andPressuré&/esselCodeallows for specificmaterialsonly, whereaghereare
bettermaterialsnotrecognizedy theASME Code thatshouldbe usedasa steelliner.

Oneadwantageof theASME Codeis thatit doeshave explicit criteriafor low-cycle fatigue,which
is expectedto bethelimit statefor theliner. The ASME Boiler andPressur&/esselCodecriteria
areknown to be very conserative, andthey would only allow a strainrangeof about0.22%for
500cycles,which couldbe exceededn theliner, dependingon the assumptionsAs discussedn
Section6.0,therewereseveralotherlow-cycle fatigueanalyseperformedoy otheragenciesising
othercriteriathatgave muchmoreliberal results.

FurthermoretheASME Codeapproactassumeshatthestrainrangeis the expectedservicestrain
range,whichis very easyto predictfor a corventionalpressuresessel.In contrastthe estimated
strainrangedor theliner areextremevaluesbasecn conserative assumptionsvith alow proba-
bility of occurrenceandthe expectedservicestrainrangeis likely to bemuchless.

It is alsopossiblethatliner could be designedn accordanceavith the Americaninstitute of Steel
Construction(AISC) "Load andResistanc&actorDesignSpecificatiorfor StructuralSteelBuild-
ings" (2000). Many differenttypesof large steelstructuresare designedn accordwith AISC
specificationsincludingindustrialandprocesstructuresln orderto have maximumflexibility in
thedesignandtheacceptancef thedesignjt is recommendethat,the AISC designspecifications
becitedin lieu of theASME Boiler andPressur&/esselCodeif thereis achoiceandit is required
to cite adesignspecification.
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7.2 Available Materials

Theselectionsf the steelplate,filler metal,andwelding procedureareprobablythe mostcritical
aspecteftheconstructiodocumentsTherequirementfor thesteebplateandfiller metalproperties
arevery goodandare generallymore stringentthanwhat would be consideredyood practicein
the United States. However, mostof the alloys mentionedfor the steelplate would be difficult
to obtainin the United States. On the other hand,thereare a numberof good gradesof steel
andfiller metalthatareavailableandaredescribecby ASTM standardsFor example,steelplate
andfiller metalusedin cold regionsfor gastransmissiorpipelines,offshorestructuresships,and
evenbridgesprovide excellentductility andtoughnessThereforejt is recommendethatthe steel
plate filler metal,andweld procedurdeselectedifterconsultatiorwith thematerialsuppliersand
qualificationtestingof full-scaleweldmentdy the owneror athird party.

Therequirementgor the steelplatepropertiesjncluding minimum Charpy requiremenbf 30 J at
-4(° C, areappropriate As explainedin Section6.0, this requiremenshouldprovide a sufficient
level of resistancéo fracture.In generalwhenmakingthedecisiononthematerialsthelargerthe
expectedCharpy valuefor the plateandfiller metal,the better— aslong asthe costpremiumis
nottoo great.However, the specificatiorof alarger“normal value” for the Charpy is meaningless
in the United Statesandshouldbe eliminated.

It isrecommendedtronglythattheyield-to-tensilestrengthratiobelessthan0.7. Thisrequirement
is notcoveredin presenASTM steelspecificationsbut it is critically importantfor ductility in the
plasticrange. In addition,it is recommendedb includemaximumlimits on the yield andtensile
strength. Thesemay have beenimplied by the referencedswedishmaterialstandardsbut this is
notalwayscoveredby ASTM standardsSincetheloadingis strain-controlledthe strengthof the
platedoesnothave to meetary minimumstandardsBecaus@f agenerainverserelationbetween
strengthandductility andtoughnesghelowerthestrengthof thesteelplate thebetter If maximum
strengthslimited, thenhardnessequirementarenotneededndshouldnotbeincluded. Typically,
hardnesss not specifiedn the United Statesandcould causesomeproblems.

Theremaybe somechangesequiredfor thefiller metalspecificationsThefiller metalshouldbe
requiredto have atleastasstringentCharpy propertiesasthe steelplate. Generally the largerthe
toughnes®f the weld metal,the better asdefectsusuallyarelocatedin thewelds. In bridges for
example,the Charpy requirementsor theweld metalaremorestringentthatthe requirementgor
thebasemetal.

It is alsoimportant,n orderto reducehepotentialfor fracture thattheweld materialdoesnotyield.
Thereforethereshouldbe anexplicit requirementhatthe strengthof thefiller metalovermatches
the strengthof the baseplate. It is recommendedhat the ultimate strengthof the filler metalis
largerthantheultimatestrengtiof thesteelplateby amaigin of atleast7OMPa. (Theyield strength
of filler normally is not specifiedin the United States. The overmatchingrequiremeninay have
beencoveredby referencdo the Swedishwelding specifications.)
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It may be impossibleto find a weld filler metal with a yield-to-tensilestrengthratio aslow as
0.7. Becauseheweld metalhasvery low carboncontent,it hasaninherentlyhighyield-to-tensile
strengthratio. If theweld-metalyield strengthexceedghe ultimatestrengthof the steelplate,the
weld shouldnever yield. Therefore the yield-to-tensilestrengthratio of thefiller metaldoesnot
affecttheductility of theliner, andthis requiremenshouldbe eliminated.

The chemistryrequiremenfor the steelplateshouldalsobe eliminated. The producersshouldbe
free to provide the optimum chemistrythat meetsthe minimum Chargy requirementsand other
properties.Specificatiorof cold deformationpropertiess not customaryin the United Statesand
is not necessaryWeld bendtestsshouldberequiredfor theweld-procedurspecificatiortestsand
shouldensureghatthe steelalsohasadequatdendductility.

As mentionedn Section7.1, the issueof materialsselectionis relatedto the issueof the design
specificationshecauséhedesignspecificationsnaylimit thematerialselections For example the
ASME Boiler andPressur&esselCodeallows only specificmaterialdo beused. TheAlISC design
specificationslsohasallist of appraoved materials.However, mary of thesespecificationssuchas
ASTM A36, arevery liberal andwould allow whatever materialsareselectedo bein compliance
with this specification.

7.3 Construction Practice and Welding Procedures

The requirementsn the review documentdor constructionpracticeandwelding proceduresre
very thorough. An adwantageto referencingthe AISC designspecificationis that it references
the AISC “Code of StandardPracticefor SteelBuildingsandBridges”includedin the Manualof
SteelConstruction. This Codeof StandardPracticeincludescommonlyacceptedstandardgor
fabricationanderectionof structuralsteel. The AISC specificationseferto theAmericanWelding
SocietyAWS D1.1 (2000),“StructuralWelding Code— Steel”. AWS D1.1is widely appliedasa
workmanshipstandardor new constructiorof a variety of steelstructures.

The weldswill be 100%inspectedwith ultrasonictesting,and 10% randomlytestedwith radio-
graphidesting.In addition thesurfacef theweldswill beinspectedisingeithermagnetic-particle
or dye-penetrariechniquesThesdanspectiorrequirementaresuficiently stringentput reference
shouldbe madeto AWSSD1.1 for acceptancstandards.

Many of therequirementsn thereview documentsluplicateAISC andAWS D1.1 specifications.
Thereforetheconstructiordocumentshouldberevisedto referenceppropriatd).S.weldingand
constructiorcodesandavoid this duplication.
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8.0 CONCLUSIONS

Thereview presentedh thisreportis the secondphaseof thereview of the LRC concept.Thefirst
phasgBrandshaugtal. 2001)focusedmainly onrock mechanicsssues:(a) safetyagainstuplift,
and(b) effectsof deformationof therock masson the strainrangein the steelliner. The objectve
of the secondphase(describedn this report)is mainly to review the structuralmechanicsssues
of theLRC concept.However, the mainideaof the LRC concepts thatthe structureandtherock
mass‘work” together Therefore the rock mechanicandthe structuralmechanicaspectof the
concepttannotbe separate@itherduringthe designor in thereview.

The secondphaseof thereview consideredin moredetail,the steellining, bothinsidethe cavern

andinsidethe productionpipe (the nozzle). The three-dimensionanalyse$ave beenconducted
to investigatestrainsandstresses thesteelliner. In particular the effect of discontinuitiesn the

rock masson strainsandstresse the steelliner wasexamined. (Discretenessf therock mass
wasngglectedby the LRC teamin their analyses.)rheanalysisof the potentialfor brittle fracture
andfatiguein thesteelliner wasreviewed. The proceduresindcriteriausedin fractureandfatigue
analysisby LRC teamare consideredwith regard to the U.S. codesthat could be applicableto

potentialLRC plantsin the United States.Standardsf constructiorandtheir compliancewith the

governingU.S. standardsndcodeswerecritically reviewedaswell.

The analysisshaved that, with regardto stressesndstrainsin the steelliner, bothin the cavern
andin the productionpipe,two factorsarecrucial:

1. shearesistancdetweerthe steelliner andthe concretdiner, and

2. themodeof deformationof the rock mass(i.e., predominantlyuniform, continuousor dis-
placementield characterizedby large gradientsalmostdiscontinuous).

The analysisshaved that the strainsin the steelliner arewithin the limits of high-gycle fatigue.
However, for themostunfavorableconditionsof deformationof therock masgjointedrock mass),
andanupperboundof shearesistancén the bituminouslayerbetweerthe steelandthe concrete,
the maximumstrainis 0.31%. The allowable strainrange,accordingto the ASME Boiler and
Pressurd/esselCode,is 0.22%for 500 cycles (numberof pressurecyclesexpectedfor the LRC

in the United States).Theanalysishasshavn that,in cyclesfollowing thefirst one,the maximum
strainwill decreaseomparedo themaximumstrainin thefirstloadingcycle. Also, thestrainrange
is expectedo belessthanthe maximumstrain,becauseheresidualgaspressuren thecavernwill

be 3 MPa. Thereforeijt is expectedthatthe strainrangewill bewithin — but very closeto — the
limits of the ASME Boiler andPressuré&/esselCode. The ASME limits for fillet-weldeddetails
areevenmorestringent: 0.15%strainrangefor 500 cycles. The pipefoot is fillet-weldedfor the
caverninvert. If therock massis assumedo behae ascontinuum,the strainsat the bottom of

the cavernarerelatively small, lessthanthe 0.15%strainrangelimit. However, the analysisthat
assumeshediscontinuoubehaior of therock massshavs thatthelocationsof thelarge strainin

the steelarevery muchcontrolledby the locationof discontinuitiesin the rock massaroundthe
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cavern. It is possiblethata discontinuitythatcancauserelatively large steelliner straincanexist
nearthefillet-weldeddetail. Therefore discretenessf therock massmustbe consideredaarefully
in theanalysisof theliner strains.

Theeffectof discontinuitiesn therockmassonthesteelliner strainsreducesstheshearesistance
in theinterfacebetweerthesteelandtheconcretegetssmaller Theanalysigresentedh thisreport
for 5° friction anglein the bituminouslayer overestimateshe shearresistanceand, therefore,is
conserative. However, the analysis,asreportedin Review Documents, for a zerofriction angle
in theinterfaceis certainlynon-conserative andunderestimatethe stresseandstrainin the steel
liner, particularlyin the productionpipe (the nozzle). As a function of the shearesistancen the
bituminouslayer, the stressesn the productionpipe in the areaof transitionfrom the cavernto
the pipe exceedthe allowable Trescastresdevels undercertainconditions. In somecases)arge
compressie stressearegeneratedhat warrantan additionalbuckling analysisnot conductedoy
the LRC team(accordingto thereview documents).

The analysef fractureandfatigueperformedin the review documentsappearo be well sub-
stantiatecandsufiiciently conserative. However, theseanalyseslo not addresghefillet-welded
detailssuchasthe pipe foot andgussetplate,shavn asDetail D in draving No. 669-025Rev. B
(Review Document9). Preliminaryestimatesarethatthe gasstoragefacility shouldstill be safe,
evenincludingtheeffectsof thefillet-weldedattachmentsHowever, theASME BoilerandPressure
VesselCodewould only allow a strainrangeof 0.15%for thefillet-weldeddetails,whichis close
to the estimateof the maximumstrainrange. Thus, the large safetymaigin thatwasapparenin
the calculationsin Review Documentsl through3 may not be very large, andthe safetyof the
facility may be moresensitve to the assumptionsisedto obtainthe maximumstrainrange. It is
recommendethatthe detailsbe analyzedurtherusingthe acceptegroceduresn BS7910.

Thereview documentgprovide a comprehense setof performancaequirementgor the overall

designof the steelliner, requireddocumentationmaterialrequirementgor steelplate andfiller

material erectionweldingandinspection.Thetechnicaldocumentatioor potentialLRC projects
in theUnited Statesneeddo berewrittento referenceppropriatd).S.codesandspecificationgand
to avoid duplicationof theprovisions. It is notclearwhich U.S. standardghouldgovernthedesign.
It is our recommendatiothatthe AISC designspecificationde citedin lieu of the ASME Boiler
andPressuré&/esselCodeif thereis achoiceandif it is requiredto cite a designspecification.

The LRC conceptseemdeasiblefrom the standpointof the structuralintegrity of the steelliner.
However, we recommendhatanalysisbe conductedgayingmoreattentionto details,particularly
the effects of discontinuitiesin the rock massand the shearresistanceof the bituminouslayer
betweerthe steelliner andthe concrete.
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